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PREFACE

Failure analysis of fiber reinforced composite materials is not i snl

problem. There is a wile dimensional range in which analytical f ai bir-;

theories can be developed, depending on the viewinig scale. Connosite inatsr-

ials can be perceived simnply as a class of hom:nreo us elastic media, or is i

*highly complex structiural sys tem. There are a variety of other nodel;

proposed in-between. It seems innossible to develop an alequat:? Fil ur

analysis methodology that can be applieRd over the entire dinensio)nal qpectrlrq

of composites aIs aq enigineering material.

For ai class of epoxy-basel structural laminatis, failtire usually be.1-s

with microc-ackirig in the rinor in the resi-i-fiher interfaces. The Atnen-

s ions of the 'nicrocr-icks ara on the order of thet reinforcing fiber iiamvzter.

D~urinig the course of loading, someb- of the mricrocraicks ma-y c)al.esc-9 :irli Form

what Ls known -is sub-laminiatle inatri.K cracks, ihose slterl cani h- orlrr oF

mag~nitude larger than the microcricks. t)e--,:Ite sali largle sizes, stjb-limia-it'

inatriK cracks generalty rematilci.e or propagate st-ibly until r~c~s

certati late-sage loadtig, ,4t jhich ti-ne :i ripli groqt'i of thp 'nitrIKC cr-icks

occiirs. Thin evsnt isijally render-3 the limllit:e striictirilly uis-iFi.

The *iirp)ose of thin work is to Vics-ga h Forination .iad )r,)pi~ittion

* met-hAni iMS of qOne- Inportirit ty!pes ofsi-I% ir vtrI'c cr-icks. A phe:iiurm-

o olo g I -a f q t i r,. 71 n :9 i I s ri t iod ) t iv I; dei'elone i Lit tI -i t.io~I l: ST*O

bouils ti wh!:,h thie.i-e ntri crk ir ohsterjed.

It shoull be m~ntt lel thlat -op ~nit cr1 il i po- -ws I Ii I 1IQ

physical eharict-rtistIcs not o)r.cvimusty eorit- 't I hv the u9t'*Ttrit

is o ten ecm .is iry L,) modi fy tlhe ix~titil Fn --' Ir n.!o~ Fo-r 1 W~ .41

enicounte:r.!d si tivations . Thin prict icse -v Ii f'iri Cruis. t' 1mnlI 1-!.l t ion -'r

thle -analysts methods ith la-3ufftct,:nt -wimtiFtcr, no c iteuii

V.i
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rigor. While this work is not an exception to this predicament, it is hoped

that it will stimulate new theoretical research In the field.

The author is deeply indebted to his colleaques, former and present

students; through whose collaboration much of the results presented here were

obtained. 4e is especially grateful for the financtal su.ports received from

the TI. S. Air Force Office of Scientific Research, Wright Aeronautical Labora-

tory and the Naval kir Development Center during the various phases of his

research.

This manuscript was prepared while the author 4as on a sabbattcal leave

from Drexel University to further pursue these research oblectives at the

Nlaval kir Development Center under a program sponsored by the National

Research Council from October 1, 1983 to Septemnber 30, 1934. Many thanks ara

due to Mr. Lee W. 'ause of NADC for numerous helpful technitzl Itictsslons on

the subject of damages ii composites.

Finally, sincere gratitude t3 expressed to irs. Shirley Cheese, an for her

patience and expert typing ti premoarlng the matuscript.
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NOMENCLATUR E

a linear size of material flaws; a random variable
a0  linear size of effective flaws in basic 10*-Ply

ai the ith element in the tail set
a,5  flaw size (- 2a.) at a~inUm energy re-lease rate GmaX
amax maximum ai in the fail set

anlinear size of effective Flaws In n Q,)~-plies grouipel tog~ether
(an~ithe ith element in the f(an)i} set

I 'distance from laminate free edge

e elastic ply strqii, i = 1, 6
ex laminate a'citl strain in the x-lirection

()cr critical lanianati strati Rt insit of an event
(ex)iie laminate strain at onseit ;-f delaminition

(ex~splaminate strii-i at inset of r)0-ply splitting

fij(*) a function of variable *

gj(*) a function of variable *

n ntimher of plies likre Fiber ;)rt~ntciton grouped tgeT'r

r r-idial coordi-int-3 It (r, 0, Z)
S spactng, bet,;eea t~jq adjacent Fhw,,s I~ 90 0 p

*t thtcknii"-3s :f basi:: mat-rtil ply (= 2t)
*ui itspla~cement in x-direction oi thie tth no'ie

vi displacement in y-Jiirecttoi of the 1.th niode
-4 1 displacement in z--Jirect ion of the t th node

x position Ain", thle xC-Coordinate
xf :ositioi ol the tth effectiv~e Flaw

z thickness-.ji~e coorlinati

* arpa of le1.-mtaitton

Ciielajstic- ply stiffnes~s constjint;
Ge a1) strqti energy ral,2asi rat, coofficternt Itie t) I.
~TWa striiP, ne r!v c~'arit-- (eff~icient in( t- AT =-PPF or

AT = -10C
GeTWa str-ii energy iierlt. coe)fficient 1t) tocolel, -< -11 AT

E1, lonp, Itwi iial lIy tnodui 1 is

Ex 1,1qilat I~il 1j111, u1,11-

T' all stri-th prntrI, i = 1,
Fxnodal Fo)rce t.-i the -I ctio

P nodil Foree Li the v-1trectT-rn,
FZ niodal fo)rc. L1 the -irco
F 0 (a) ztariillitive 11ei.hil1 fliln't ton frri 11, -1 !-1i n-Iroin'd )Itp
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G, G( )strain energy release rate
GC ~ critical strain energy release rate of material

r0( )strain energy release rate of a single crack without the
influence of shear-lag

f;I, GI, GIIU energy release rate of 'nodes I, 11 and IIE
Gjr critical energy release rate in mode-I
CLT ply shear modulus in LiT plane
-LZ ply shear iodulus In LZ plane

G'TZ ply shear -aodul'is in TZ plane

KI stress intensity factors, I = , IT and III

L ~material coordliate lonagitudinal to the fibers
'1 ~nuiqber of effective flaws In a tinit lenigthi of )-V

R()str' s energy release rat-i retenition F-ictor
13 matirial surface energy
T material coordinate transverse to the fihnri
U~a) total strati energy In an elastic body cinattilg a cr-ack of

si.':e a1
V volktn.e of a unit mtwitrial -)Iy

aoveibull s3hape par-ilietar for flaw distributiton 1-i hasic Q~l
an W;eihull shape nara'mnr for flaw liqtrthutioni 1i n Yr.)opoi

czL longtiituial ply thermil KP;InSlOn c-oeffict.:nt
aT ~triinsverse p3lj thierminl expansion coefficients
aztickness-wise ply ther-qial qxpans i-ri coe f ic lent

iWeibult position parin-.tnr for flaw dl3tributton i hi
q 0-p ly
Weihull postion rp--ir-net. r fr flaiw -Iitrthijttn 11 n 7rout-id

V ply Poisson ritio
vLT p 1 ' POISSOnl rAtto In 1' Iute to axi-al tb-ni -n T,
'VT'f ply Poisson ritto in L duie to) al ion-i to T

at ply alastic str-iss, I = 1.6
OL~ logtiidi,1. )Iy tnstle' strengicth
OT trinsverse !olj t'anrile strenigthl

a spplied far-field stress
UK ipplied Liminaite ;strt-;s 1,i 'c-.lrictbor
(Oxcr crtical loillitar 'trxess it ),isit -)F a crackti -event

t, rxy ply sheairlig stress; shea-ringy itre's; TI' K-1 )inon
:)ingil~ar coorlto-it'! In (r, 'o, Z)I

An1icreioil. lineir crack estv-s i
AT te: npertire. 'itfferentcp
Alm i u- ,-et evluV 0 c~ i-t -rtfil )Ii
AW iricre'i, qtal work Jon'.4

( Ma'

* . . L ~ ~ *-* -. *~ ~*; .- *- k~t.e~V
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CHAPTER t. MATRIX CRACKS IN nm1PosiTE LAMINArps

one major class of structiiral composites is fabricated istig tintilrec-

tionial plies of resin-impregnated fibers (prepreg tape). These irepreg lies

-nay be stacked in R certain prescrib~ed orientation sequenice to achieve the

required structural properties when pressed to a laminn-i t. Id--i Ity, the

fibers would be orientaited primarily in the principal 1nigdirections 4.Ith

tie resin naterial serving only t-a binid the fibers aid~ t'10 Variou1s -diqs

togFe the r. Experienct-s 'lave shown, however, that aiterlal 'iliiri 11 t'11;

class of lamlnates S Aliom be.gins -.ith breaig of the loai-carryl~if rihers.

Rather, snill micro-cracks first icclir in the re si-n or ta th- r2,;t-i-fiber

interfaces. Under qiitstif.<ied laigthese 'icrocricks cani form Ii r~s-

lens~ty .aad -r,), lirger fri stze. kt s3tress crtical l-)r-itors, coailisceire of

the (anicric~jk~ can LAke- place, formiing ,jhat is known Is AatrLK cricksi.

Reciazse :,F the lamiqat ' s iitarnral re--foro~eeit striictira-, -natrtx cr-icks

are genera lly inhitet-d froms ionotoni: propagationi, h)it the.. tni to forn -I

cracktig patt.er!- which is chiaricte ristic t,) the laninati t-1 question.

Experinents on Laboratory coiunons (seQ, 11. 1 i) haqVe eStahII.I.She' that

iatrtic cracking roatt.!rrns are geic-ric to the ply fiber -)t.a-tittonis i-istck

ig Sequence of tl~iz iia~ The patterrns :ir? essenitilly r,!irolicl(-hie ti

lamfiatea repltcitns subjected t.) si-nflir lonldig con~ dtion. ths fn

bee-a siigg-esntl th-it t'he has c riecei1:rn of 'natrlK ):0~c v' i twit, ;otat

charicteris;tic cracking )attprii are -ineiuahl, t )- o n. !C' Yi!F Iai1v t iC.1l

4e 1cr ption)r1 - o thje pri.-ci.j.q -l ) F net-111:11 a

From the- vliwpol it of 'at- iat-?r ir'h -ar-a c Fortiol Ji fihr-vis >;in

3ites- si1ra f tOS tb-nt the lit - lfocal1 :na tedil i trn ,c -lv--

k Xn -iti ii I a 1: o f 3 t r ng t', 1 h i 0,' 1 h j Ir' he r ic t i It rhe I-o i T - ro 1)- 1 ~' 1,

* wler-t the c.)rnposit-! 1 4t; 'ltlar'tl t 1,. -it-oa- i-r If t:1 I t I ,
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followed, not only shouldi the Individual mechanical properties of the Ftoerz

the 'atriK and the fiber-matrt.c interfaces be tincluded amonig thle UIptrt

factors determining the strenagth behavior, but local1 inouilteq ;)F -tther

geoinetrical or fnatarial origins, or any other such quanitities whos-!l itme 1n; t n,

3 re comparable to the Fiber Aiameter shouli also he consiler I. 'The na o r

difficulty with this vleapoirlt is that iatctrial anom-nlie i r- cu-Or 1 11-

nature, rendering fruitless efforts to t-iclude their le-itity -11.1l QFect.; tit

any determinitstic forms of analysis.

Yet, micrloflaws do exist ti composites and they reinati the prt,-i-ir ciiise

of -atrtK cracking. Thetr preseace, or at least their effect-3, must [n sm

* way be i-icluded i-i the anialysts.

kn altqrrnattve approach Is to look uponi the irL3trti crackt-ig, qroces1s :is i

phenomenological event. Typically, tht3 1iditidil natFsrial ilies air-i r~t-,%rlel

*as homogineous anisotropic hodiles, in which the actuial fiher--nat-I>KTico

3tructur- as deli ais tie mtcrfo-daFact-, all becolle uidi~ttigiiu-h;AheI1. nt rtil

property distincttmn L; nifhtit-ied betwere.i plies of lifferiig Ffhet- wCIent-

*tionis. Thus, a transtttri t3 mide fromr 1i 'ii croscotc to -i ,r)co

descriptioni, -,rith the r- 1jitireet that tinport--nt factors to the 1rtsni

*regirine be rata-te -i- i tie mn-crosc-)pic rogine. In thCA3 t-t the )C u;:n ,

andi tie !f fectq of nt-artil nl,-rof laws oni 1'atrLK crickin -iri r"r-)vt-- yIi

di~trthutinni of "effecttvce ;-natrtil fl-iw,, rtti th- iffectb),e Fla.w'ltrb -

tion ciar-ct-uri7e a-,- -i 1iieor.ilt : rop- ,rtV of tip iiti rtil :jI. In ri-Iicr t)

devi lop a 1?tfd i' u-I ~ i-i th i usarouc h ~oz-', r, i pli's i I in b-. ' i n I-

in;', !-F Cte irttr I crack larg 1Aechant~ i i~~t lo thi the t- io~~ i.al i r



NADC-85118-60

1.1 Phygiclal 'haricteristics of 'latrilc Cracks

Because of the unique internal reinforcement structlire of the constier.:d

class of laminates, there are only two baisic forms of matrtK cricktig wlhen

vte~ed at the nacroscile. Suppose tnhat the stresses 11 each ply of the

laminate are three di-nensional [31; then there 4r.= thrqe ti-ply stresses -i

thiree Interply stresses, as shown In Figure 1.1. 'Jnder certat-i conditions,

the ia-ply stresses riay iiitlate and propaj-ia aartx craclks parallnl1 to the(-

fibers in that ply, known commonly as tr-insj'erse cricks, rlIjir 2 I.?. Chi the

o the r hand, the tnterplyj Stresses may inittita: and propagat! ina tr tx c r - lk

parillhl to the plane of the ply, or in the tat: rface-- het4een t~o 2lies. The

ltte-r 1.3 liae as delamina1tion, FIgiire 1.3.

The lliodll ehav tor of ~aintiana iratrix crack-Inc clearly leoenis oni the

re:lative dominiance betdoeen the ta--ply tese and the tatterol! strta-,ses;. Ti

nan t1v astiices, the n;tite of the !)l! tre sses cine slcl~ik om

Then, -a counbt-vitton of the t~o '1 fepr!.ii. -c n ffor;IS oin he di.

'lultiplicity I.; ianotlir vitili oh.ritt-r of nitri tcrc n, Tbs

* merli11ol I; 1.-ati , ele t.- the- 1!nntslt)rii nocnet ealc f tile

Fttlai-eit-irj itrocrtr. toi each Ply -.And t'ic lietn truict-tr-2 1-1 Cte1n

*a -itr[K cr-ick ciariot, c~oiirily, tinlor.)iiuit proni n tin. Pio (-rick fq

Itkel;i to be irres t-e or blinr -i i r Itif-rce-.i.ent 1)oiiry. Tis rack

arrestinog iiechiAr I n p rnil ti t i- ijpl tel l)ii t)Icr~ ~ 4thil~t "1iiW 10 C IO

crick t- )rI.-a. The r ,sit I s; tvit, viot'vr iiirt e r -i ok 1,;h ti

e Is (-wh e r~ a1i the-1iu-it TI Ct!- iii r , 1) -iei'r uit ~

*~ fo rma t Irr pr.)c-;.; 1sJielei

Tnins, It 1,; cleair t! ia thoe :i i --1 1 21itr ictr )f itl ~ t, r I

I.if I.iioiqe I q t ro I r Ily Cie I -untI in t r-' ., i t.'r-i AI I in! r~< ri I I n . ~r i~ r, 1

:)1j pl fiber .r,cijnt it Ions, )I r thl I q e~~ ,i t vir .y rl ru-. -1,
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laminate shape featuire, etc. Consequently, any annyltical approach to thits

problell must include implicitly or explicitly these geometrical factors.

1.2 Statistical liomogeneity and Ply Elasticity

The mthemnatical transition fromi a microscopic descriptinn to -1 malcro-

scopic description of the composite laminqte is ade throughI tm.- cooro i

statistically homogeneous body [41. This concept plisto FUhrotis o-

sites in general anJi t.o Cie tintit rfec-tional mate rial svstsriqs I!I parttcii'.3r. It

i s assulned thlat thie coastitlitIve pr-ope-tties of -a urili rcttonail olhavln rv

arbitrary finite volume V can he det-ermimed fro-n the- sai t~-1 l hq'l i' .1

.snller representative volume AV. '-owever, in order for the det-,rnifriel

*properties to b)e statistically representative of those ti volume V, the

'nininlum size of AV must he lar'ge enotigh to tincloide all possible variations of

the composite micros tructur,!, incluldingy fiher packing patterns, oresenice of

'nicroflais, etc.; see Figure 1.4.

.4 ~Within this context, two mqutuially equivalent approaches; C!-an he takenr to)

characterize the constitutive properties of the -iniirection.Al ply. The First

- approach is to apply the methods of micromechanit s which describe the mechnit-

cal behavior of the composite of vol-ime AV in termns of the pro)perties of the

fiber and tie t-,atrtK phases ais wdell as the gometril confitgtirititons :)F the

*fiber-maatrix microstructura. An average- is then takon for the itres-ses ;and

the stratis in AV, wherihy :3 s:-t -)f effective c onti tIt i tt v e properties- [q

* obta tied. Fy virtkie of the stitisttilly hmgeosbody post'il-iaton, thesce

-effective properties ar! re gar fed :1, t'i! ;-an? Fo)r the !tifre irateirlil ;.?-3t-ri

of any arbitrarily larg e Jolrimc.

The other aippro)ach is; t-o det~rnf-it pheomq nolo-gI! a1 Iv the fet~'

pro-pert ies of the m-i te!r al nly in -i 1 ir (e .'ol iti-c '/v by ir-eC t <-X-ort neot il

-slsr iet. T'ien, owl og to the -ttt-iltv iloeeu-~bh o i to-, t

'4%
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effective properties are assumed the same for any arbitrarily small volume of

the material, including those in AV.

Traditionally, the effective elastic properties determined by the two

different approaches have been treated as mutually equivalent. But, extension

of this equivalence to material strength oroperties, and especially its tmpli-

cations on the mathematical failure criteria have not been critically investi-

gated.

Consider for example a typical graphite-epoxy system. Vigure 1.5 shows a

cross-sectional view of the fiber-matrtx microstructure enlarged 5Ox. The

thickness of the individual material ply is in the order of 125 Un, whereas

the fiber diameter is about I pm. From the statistically homogeneous body

concept discussed above, the minimum dimension of a representative volume AV

shouli contain several fiber cross-sections (say, 10). If so, the linear

dimension of AV is about 20% the thickness of the material ply. It is thus

seen that the physical size of AV is quite large compared to the ply thitck-

ness. This raises the :3ertous question as to whether the ply homogeneity

assumption can adequately reflect the discrete Field (microscopic) effecti

* when a crack-like failure propagates Inside the thickness of the ply, such as

I in the transverse cracks shown In Figure 1.1. Some of the questions regar.iag

the ply homogeneity assumption and the use of the fractirM ,echant-i aporoach

do, indeed, pose conceptual difficulties.

Consider the theory of oly elasticity [51, qn Important lertostlve of the

statistical homogeneous body concept. The theoryr assumes linear elisttctty

for the material ply, in addition to the hono:gqnetty asstri'lti)n. qpecific-

ally, the generalized 1Iookes Law Is assumed t) jogera the ply conqtitilt[ve

relations:

01 Cij ej ; i'j 1.6 (1.1)

5



NADC-85118-60

where the stiffness constants C1 j are determined either from a micromechanics

analysis method for a representative volume AV (see, e.g. [41), or by a set of

experimental test methods for a large volume V of the ply material (see, e.g.

161). In either manner, the determined constants Cj are assumed a uniform

property for the unidirectional material system.

For laminates fabricated by stacking plies of different fiber orienta-

tions, the analysis allows the ply material constants to ch e,, abruptly

across the ply interfaces. Then, assuming a perfect bonding at the inter-

faces, an exact analysis of the laminate stress field based on the ply elasti-

city theory can be performed (3]. Such an analysis provides the stress

distribution in each of the plies from which a suitable ply failure criterion

is applied to determine whether or not any of the plies is failed by the

applied load. Typically, the ply failure criterion is derived from the

conventional point-stress concept. For example, material ply failure occurs

at a point in the ply if the stress state satisfies the followiig criterion

(51,

Ftj oi cj + Fit oj = I ; , - 1,6 (1.2)

The implication of this type of criteria is that tlie strength paramnetlerq

such as Fil and Fj in (1.2) are constant througihott tlie ,naterial ply. Conse-

quently, ply failure can occur .)nly as a stationary event, without regard to

any possible modal and/or propagattve behavior'3.

This is cl.,arly contradictory t.) t'Ci observed heha-tor of matrix cracks

in laminates as matrti cracking 1i not a statton;.y event. Moreove r, matrt

cracking can occur is rqultipl.i events 4tthl,i nae given ply at lttFferslit -l'

stress levels [1, 7]. Therefore, soine a,14 concept )F failUre 1, nene el, fron

which a criterion appropriate foc ,natrix rracktrij t lIi t-It: cii he

addri3.ed.
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1.3 The Concept of Effective Flaws

In order to include the non-uniform ply strength property in modeling

laminate matrix cracking, one frequently followed approach is to assume a

characteristic strength distribution for the ply [3]. Strength estimation for

multiple failures in the ply can then be formulated based on some orobabilis-

tic stress redistribution arguments. qowever, this approach still does not

relate the modal or the propagative nature of matrix cracking.

As discussed before, the physical source of multiple ,matrix cracks is

attributed to inherent material flaws which distribute randomly throughout the

material plies. Through the homogeneity assumption made in ply elasticity,

the physical identity of the flaws are lost and their effects on ply failure

are not properly retained.

An alterqative approach, however, Is to represent the physical material

flaws by a hypothetical effective flaw distribution at the macroscopic level

[9 - 131. In this wal, the basic stress analysis scheme can still be condfic-

ted based on ply elasticity, but the elastic mediirm no4 conta-is inaginary

flaws.

Prom this concept, it is ass:rned that i charicteristic distribution of

effective Flaws having random sikes and locations can he determined as ai

macroscopic property of the basic matprtal ply. It is required that the

assumed effective flaws and their distributional char-icter must yield an.

aggregate effect on ply failure simitar to that bserved H lamirt- ,atrtU

cracking. In this manner, failvires i:i the individuil plies are now overned

by the conditions under which the effective flaws tidi-idially become -vitric

cracks; the ensuijig modal behavior of cr-ck propagation aid the moltiolicity

of the cricking events then constitute the observed phenonena at the 1itcro-

scale.

S. ]
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As it will be demonstrated later in some example problems, the effective

flaw distribution in a given material system can be rationally characterized

by a simple test. The characterization includes the form, size and location

of each of the flaws.

When the form, size and location of an effective flaw in a laminating ly

are known, the mathematical conditions governing flaw initiation and propaga-

tion as a natrix crack are then formulited on the basis of classital fractitre

mechan.:s.

Let in effective flaw of known form In a consilered ply be of sie a ani

location x. The stres3 state surroundtig the flaw can be determined in termis

of the applied laminate stress aj by manns of the ply elasticity theory. The

critical Incidence at 4hich the flaw beco.es a matr[ crack Is now derived

froin classical fractoire ,nechanit.s. It will he assumed that the Flaw/crack

transition Ii governed by the fractitre quantity, the !;trqtn energy rel,:!asl

rate G, at the Flaw tI.:i. Given the Form and locatlon of the Flaw, , can he

calculated in terms of the applied laminate stress o aIn the Flaw stze . 1141.

The condition for the flaw to propagat . I-t. a antrl crick Is gien by te

Griffith criterion Ili]:

rG(, a) = - (1.3)

wher.-- G'c iq an ipproprit-ly deternfiel ,it=rial tmijh'lO53 For the !)artlcietlr

node of the crick propigatf,)n.

The critical tacmanqti qtress Oct -t tile t.ctienc ,) flaw/crai& ir-noi-

tlon i3 deterenlnei fIron "qiiiatori (1.1), -1ven I Sf1 Gc. Is For th, :r )ti't-

timn 3tihilttt, it i- then gover;it I by t he t-ef1'I.t (see siqfo {lI,'

0(!. ,

qr

3q
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Since the size and location of an effective flaw are actually randos

variables, and since the use of Equation (1.3) in matrix cracking probleis iR

limited to a known crack individually, use of Equation (1.3) in multiple

matrix cracks can lead to some time-dependent stochastic processes. '3ut,

before a stochastic simulation procedure is developed, some basic questions

*regarding the application of fracture mechanics need to be discussed.

1.4 Application of Fracture tiechanics to 'iatrtx Cracks

It is well known that the classical fractre criteria expressed ii

Equations (1.3) and (1.4) apply only to brittle cracks undergoing stable and

self-similar propagation [151. Whether or not the general class of qatrix

cracks considered here fulfills these requicements needs careful analysis.

ost structural composites are made of brittle matrt material, such as epoxy

resiq. Cracks in these materials can be considered brittle at both the nicro-

scopic and the macroscopic scales [il. In addition, in in-ply ,matrix crick

will always remain parallel to the fibers of that ply, while an fiterply

matrix crack, or a delamination crack, remains parillel to the ply interface

and propagates more or less in the sane plane ill. Thus, it Woul1 seem that

the basic requirements ii applying Equations (1.3) and (1.4) to brittle, self-

similar matrix cracking can be fulfilled ii the ,main.

4owever, use of te fractore criteria, iartlcularly Fquatin, (1.3),

requires consistency between t'e mathemha tical quna:tity G(-O, 1) :inl the

physical quantity Gc. Some details relatig to this que-tion %ll he di-

cussed ii the following.

Consider first the right-hand stle of (1.3). 'c is a 'Iteril toll1,m'Ies

property against -natrix rupture, which [.q let-ralipl by some s:ittible pheovi-

enological experinents. Ns s:ich, the ,ru iuired *1. F-r - siven nat-rtal vs tefn

* may vary with a numrer of factors. Specl fItca 1v, r'c For tin1Trectti-nal

4
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fibrous composites changes with the local matrix-fiber packing geometry as

well as the presence of microflaws along the path of the crack 1161. But

these influencing factors exist at the microscopic level and are not identifi-

able at the macroscopic level. 4s a result, the macroscopically measured Gc

exhibits two peculiar characteristics. The first is the dependence of Gc on

the direction of matrix crack propagation relative to the ply fiber direction

[111; and the second is the dependence of Ic on crack extension incre.nent, as

the crack propagates intermittently rather than continually in real situations

[161. Apparently, both characteristics stein from the microscopically hetero-

geneous nature of the composite system.

The dependence of Cc on crack growth direction relative to the fibers has

been demonstrated in two experiments of mode-I delamination in untlirectional

laminates [17, 1391. Figure 1.6 shows a delamination crack propagating in the

fiber direction, while Figure 1.7 shows a delaitnation crack propagating

normal to the fiber direction. kIthough the two types of delamination crack

occur essentially in the same interface Ptlane, their corresponding fractuire

surfaces show different morphology when viewed at the microscopic

scale. ence, when Gc is deduced from a macroscopic meisurement, the differ-

ence is also considerable. The multi-valued nature of Sc for i crack propaga-

ting in the same plane but in different Itrections is not generally found in

conventional metallic materials.

ks for the intermittent, stop-and-go behivtor of natrIK crack propaga-

tion, this is due to the fact that the crack path is oftent wtanderim, around

many fiber liameters. Others ha,?e also attributed tOe phenomenon t- the

viscoelastlc behavior of the mnatrLK rtrial. Tn any rient, rc woIli h-we a

stable value only if it is averaged over a Finite c-rick ext-nsain Al. The

latter can he as large as several fiher ,l:imet:ars anA can he interpretatid a,

1")

i~ . c~ & &~ ~ " & .~. S ,
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the effective crack extension. Such a character is inherent to the fibrous

material system; no theoretical value for Aa Is available. Perhaps, Aa

discussed here and AV discussed in Section 1.2 have some common relationship.

Now, the left-hand side of (1.3) pertains to the mathematically computed

G(o, R). The origin of G is traced to the theory of ,riffith 1191, who postu-

lated that in a strained elastic body contt.Ang a small crack of site a, the

stored elastic strain energy U will decrease if the crack extends stably. The

decreased amount of the strain energy is equal to the Increased free surface

energy of the extended crack. Thus, if S deiotes the total surface energy of

the crack, a balince of energy at the incipient crack extension leis t3 the

following condition,

au a_ s (1.5)3a 3a

In common prictice, the right-hand side of (1.5) is titerpreteid as the

irrecoverable energy dlssi;iat .d at the [--ictptent crack exte'ision !151. The

term woull then ticlude such non-elastic quantities as local plastic yield-i1g,

viscoelastic dissipation, etc. Then, the resoltaint liantity pc qeasur-

able only by phenomeanlogical xertment. This qi|tantitv is co,'ionilv known a:i

the critical energy release rarte G, whl:h I; meitonel e rltir ti F,qat[on

(1.3).

The left-h,!-d s[ie of (1.5) is cal1ciit!!d .it'eiatically by me;ins of some

elasticity bounary-val'ie sollition roethods (e.a. 141), 4h1.:h ,..e rise to the

definition of

G(' ) = -3I (1.6)

The ,athemattcal implication of (l.9) or (1.6) 1s t4t 'I t; a c'o ,filtols

Finction of the conttinois v irahe i. Ant, it 1,i.ast te First irl t ,

derivatives of the f lnctton U! exist For 1.

ii
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But, this implication contradicts the actual physics of matrix cracks.

As mentioned before, matrix cracks extend intermittently with increments Aa

usually in the order of several fiber diameters (161. Furthermore, Gc could

be measured only as an average over the finite crack extension Aa.

In view of the above, it seems that '.(O, a) in (1.6) may be more appro-

priate if defined as

c( , a) = - U(a + Aa) - U(a) (1.7)
Aa

and the stability criteria in (1.4) as

G(a, a + Aa) - G(o, a) 0 ([-)
Aa

where Aa is chosen appropriately given the actual fibrous system.

It is noted that between the definitions in (1.6) and (1.7), the original

physical meaning is more or less preserved. 'lut, mathematically, the right-

hand side of (1.6) Is the tangent of -U(a) at a, #h~le that in (1.7) is now

the secant of -U(a) from a to a + Aa; gee Figure 1.8. The numerical liffer-

ence between the two could be significant depending oi the F:.rn of U(n) and on

the size of Aa.

Clearly, use of (1.7) rather than (1.6) for thlie definition of 1(7, a) can

result in consilerable controversy. For instance, the traditional concepts of

crack-tip singulartty and stress intinstty f actor K as a fractare ,ltatity

121, 221 may now require reintrpretaLton.

It is known that the development )f the '-Conce)pt das hise1 ,n the

equivalence betieen V and , f,)r brittle crick In -n el-tstic contnini, 21,

221. The ,eanig of K represot- tho 1-tenstty of the sti,ilir itr-:; flell

near the closest Lcnilty of the craick-t[:' thr,),.!'i tl Y ;er 1 reI tI,; h i

near throi ° .h .ei rj 1 e .~ .. . .. . ... . .. "
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1211;

ij (r, O) Kr fij(O) ; i,j 1, 2, 3 (1.9)

where KI, K2 and K3 are associated with the three modes of crack propagation,

while (r, E) are the polar coordinates measured from the crack-tip; see Figure

1.9.

The stress intensity factors Ki can be deterninel in explicit terms of

the applied load a and the crack size a, in the general form

Ki(a, a) - a gi(a) (1.10)

The form of gi(a) depends only on the peometry of the crack and the physical

details of the strained body in consileration (see e.g. 1231).

Under the assumption of infinitesimal local response at the crack-tip,

the stress intensity factors Ki are then relatted to the energy release rate

in the general form [201,

G('3, a) = mnn Km(', a) Kn(,3, a') ; ,n = 1, 2, 3 (1.1)

where ',nn are functions of the ,material stiffiep,3 costantq Cii only. ence,

if Gc is a material property, the quadratic cohlnatitn of Kc's must .4lo be a

material property.

Use of K as a quantity f)c crack growth implies that naterial 3eparitton

at the crack-tip region i- leterniel solely by the elastic stresi Field which

exists locally; and, tht!3 stress fiell i3 adequit;!ly represent,:] by the 'i[ng,i-

lar function in the general for, of (1.9).

Now, when applied to matrix crackinig, use of K may nee'i rltat- rprataton.

The reasons are aq follows. First, since the physical lust IFIcation f- r the

!'-concept stems From the , - !' equivalence, their ,ithei.atlcal relition:-ht a,

expressed in the generil form in (1.11) becoieq 1: ,li' i .(i, a t ke o-

.,1
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the definition of (1.7) Instead of (1.6). Secondly, since K( signifies the

*intensity of a singular stress field near the considered crack tip region,

which is often very small in sihe, say about a single fiher iamet-zr, the

4 meaning of K( may contradict the basic requirements of a finite crac'k axtpnsion

Aa as well as the statistically homogaeneous postulation. Thus, in or,,-- I~i

lescribe the macroscopic behavior of the composite sYstem, iise of the K-

concept for matrix cracking may also require some new tinterpretationi from b.othi

a physical and a mathematical cons iera t Lor.

* 1.5 Cracks in Ri-tiaterials Inte-rface

A related question concerns a crack that *)cc'irs Ii the tanrfacn het.4een

*two plies of differ:ent fiber orientations. According t;) Ply elasticitty, thL3

*is a crack propagating In the itterfsce o)f bonded diisinilar nat' rialq. The

question relAates to- th~e stre-3s stingul-irity at the tip of the crack. Tn tlits

*case, the stigilar stresses vitll coaiti oscllatir9 collponents' (gel~ 121).

Conseque-itly, the stres:3 iatinSIty facto)r K( or thie --trin- eaerzyrve' rata

G~ cannot be compute2d exc.actly in the clai'tal aanner. The oscillrstirv natire-

*of the crack-tip stress fielA inplies aterial :penetration, -4hfch 13 physiz-

*ally inadmisitble. A modification of the classical deflinition For T< Is

possible if a parti.Al c--ra cke-t ip closure i3 in1ClidkA I-1 tie cal'-niition 1241.

% Since the oscIltat-rcy part of the itrtess Hiell exiit- 11 on 1 smnall scil?,

the Importance of Its Liftue-ic# on the phys;Icql qt-atty r, neir tOe craock-tf-i

is4 ui9 illy ne,''lible 1201.

The nexistnc-i o f critckd-tin otilatr atee ts at tlou t 1 thep

.5 impossibtity of sattifying the ar-olhoiiirv condittions riear thne ,riac"-

tip p01-it 1201. The probl-em qein1 t-) be inheranft to theit tliemrv -)f tflsear

eldasticity. The oscillttry part of the stisg-ilr -strtess Ftl i nq-ir i )-

matial crack tip) wroull diganrpear if a nor-lineir te~, Fe~srIt
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assumed for the materials 1251.

In order to bring some further clarification t3 this problem, a recent

paper [26] has eanined a case where an adhesive layer of finite thickness Is

introduced in the interface of two dissimilar plates. 4 delamination crack is

made to propagate inside the adhesive layer. If the adhesive layer Is elastic

and homogeneous, then the crack-tip stress singularity will contiir no oscill-

atary components. The strati energy release rate G in this case can be compu-

ted in the conventional nanner provided the various -aterial inte'face cond[-

tions are incorporated i-i the computation. When the adhesive layer thickness

is reduced to nearly zeco, the computed r, uniformly approaches a Finite

quantity, see Figure 1.10. It would thus seem that the osclllatirv stress

f ell of a hi-material crack Is not an 3sue for delamination aralysis,

particularly in view of the requirement of the statistically homogeneous body

Co ice pt.

4s demonstratead i [261, for a delamlnatton crack between tio plies of

different fiber 3rientetions, the MKe,-mode energy release rite r cn ilso be

adequately calculated by a Finite eleme nt ,nethodt which itir-egarls the stress

singularity altogether.

1.6 The Finite Element Procelures

From thf, classical fractire ,echaits viewpo tt, both the -conc-et ml

tie K-concept are equilly applicable t:) brittle crick ropagitfo)n pr.)hln3.

Relative ease i. corpititton 1.3 oftn the riason ii.tatng 4h1:h on! )F th

conc'pt Is e'nploye.i. in the cia e of criok Pn itl. s, the .t 'a.

tridittonally been preFerred.

When a crick is sI tiat1l -i a hody oF coiopl~e ,ho-itnrie, ii'-ii

procedures such as the ,io)titpor try flte ,elenn, nt -nIue:ar_ freq.ntlv

used. In thi case, the co,'plititlon of - is use:-tll.y s ,spler thin the C :,nIt -

15
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tion of K. In either case, uncertainties over numerical accuracy often arise

because of the numerical technique used to approximate the singular stress

field.

These concerns, however, are largely removed if the discrete form for

as expressed by (1.7) is computed. But the practical question remnains as to

*- the proper definition for the effective crack extension, As. This question is

related to the inherent character of the physical naterial system. It cqn be

answered only by experience and experiment. Except for the uncertaity over

the choice of As, the finite element technique is a useful and direct ,eans

for computing G, as expressed in the Forn of (1.7).

Figure 1.11 shows the finite element representation of a plane crack in a

2-dimensional solution field. qere, the tip of the crack of lengthl a Is at

node c. Given the applied far-field load a, the entire elastic stress fieli

can be determined within the framework of the finite eleierit method. The

solutions not only include the stresses and displacenentq (at the node';) but

also the total strain energy stored in the body, T(a). Then, by -i properly

chosen incremental crack extension A3 in the direction oF the orI~tnal crack,

the node c is opened up Into to separate nodes f and 1, whereby the ,:ri,'k tl

advances to node h. With this new crack configurition arid by k.,u! the fir-

field conditions unchangetd, a new solitton is obtained which vi-als the

displacements (u, v, w) for -lodes f, g ad h, as well As the st)rel qtriti

energy U(a + Aa). Th13 ste) r.adtyv yields the str4-t- enprgy ri.e r-t,

G(- , a) as defined in (1.7).

If the Finite crack extension Aa is closed 1by rel, -tim, the F 11i

to ret(jrn to the ortgUial poItio, of node c, tIP fin! to -I , .:1t r, it lo,

yields the nodal forces (Fx. Fy, Fz) needted t) ,r,'se at C 1,1 . , t r,' r.

The work done In closing the crack e teur)vi nAia t: then,,i ,Ivon I..

% Ae
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AW = 1/2 [Fx(uf - Ug) + Fy(vf - Vg) + Fz(wr - Wg)l (1.12)

According to the work-energy equivalence principle [221, the strain

energy release rate during the finite crack extension Aa can he alternatively

defined as

G(o, a) = AW/Aa (1.13)

Expression (1.13) gives the sane results as (1.7). Rut, the aivantage of

the expression in (1.13) is that it also gives the modal components in q if

the crack propagation is in mixed-mode. Thus, by wav of (1.12), Equation

(1.13) takes the form,

G(', a) =C(;, a) + G11 (O, a) + ':[[(J, a) (1.14)

where

GI(-, a) = Fz (wf - w,)/2Aa

GII(a, a) = Fy (vf - vg)/2Aa (1.19)

GI[[(a, a) = Fx (uf - u )/2Aa

By successive opening and closing of the nodes alongy the cra-ck propaga-

tion path, the quatitity (-I, a) can he calctilated as a fznton of the crack

length a.

This technique was apparently first applied to delamination crat'ks 1,

laminates by Rybicki and tKanniien !271. It was later extetied to stnultte

trqnsverse cracks [91 and contoured delaminattori 1- 3-linenslonal stresq ffell

by tJang, -t. Il (281.

1.7 SuM-13

In this chapt,-tr, severil hbnic physlcil ial rvitheiittcal oc_.pt, hi'._

beea discussed. These -re pertfie:nt t) :i cnsist.,nt le;elneot F n f-itli,

17
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analysis methodology for matrix cracks in composite laminates. At tilti point,

a summary discussion of these concepts Is briefly presented below:

(1) Matrix cracks, their initiation, propagation and interaction consti-

tute a complex failure process in fihrous composite materials. For the class

of laminates that are made by stacking unidirectionally fiber reinforced plies

of different fiber orientations, the matrix cracking patterns are generic to

the lamination geometry and the nature of the applied load. The general

cracking process is seen to follow a certain mechanlstic rule, and the problem

appears to be amenable to some form of analytical description.

(2) When viewed at the microscopic scale, a matrix crack can he classi-

fied as nne of two fundamental forms. The ia-ply crack which separates

through the thickness of a ply is confined to propagate parallel to the fibers

in that ply. The interply crack, known also as delamination, is propagated in

a planu parallel to or inside of ply interfaces. 'oth may be cansiered as

self-similar propagattng cracks at the macroscale.

(3) When viewed at the ,nicroscopic scale, i.e. with nrecise fiher-natr1K

structure taken into accoutt, matrix cracks are tho,! ht to ort.-.T-io fron

material flaws which exist randomly either in the m trix phase or )i thie

fiber-matrix interfices. The IndIvidual propagation and rutival coaloscence of

these flaws lead to mtrtx cracks of large proportion, which are ten observe-

able at the ,acroscale. The t-ittiatton aid growth bhavlors oF mtrix cricks

at the acroscale depenl titrinstcally on the local let-lli of flaw 1rowth and

flaw coalescence. These local letills, however, cannot he practcal ly

modelled becautse tof the ,iulttjplicty id tle ob-hilist Ic n -itire oF the

material flaws.

(4) The ;t.!cepte, theoretical !vistq For str9-- mnd filtiiro n1qmlslC of

composite ltiates hi- been the CInc-! t qf st.It I -~t 1l iv cnve.ieoi body.
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From this concept, the theory of ply elasticity has traditionally been derived

and applied. But, this theory compromises the presence and the effectR of the

material flaws on failure. Consequently, these microscopic effects cannot be

recovered rationally in the ensuing stress and failure analyses in the conven-

tional manner.

(5) In order to overcome the predicament caused by micro-macro translo-

cation of the material flaws, an alternative approach is followed. The

approach is to work within the realm of ply elasticity, but t include the

presence and the effects of the material microflaws In the Form of assumed

effective flaws. Specifically, given a finite volume of the basic ply mater-

ial, it assumes that a characteristic distribution of effective flaws can be

identified which has the equivalent effecti as the intrinsic flaws that exist

at the microscale. Although the existence of the effective flaws Is hypothe-

tical, they nevertheless provide a viable alternative For modelling matriK

cracks at the mfacroscale. As such, the assumed effective Flaw listribution

represents a macroscopic ply property.

(6) The iatr:)duction of the assumed effective flaw distributton not only

retains the probabilistic anl the multtplistic chacict!rtstics of the taatriK

cracking process as a whole, it al3o enables the de scrtption of the propaga-

tive behavior of the tUdividual matriK cracks themselves. SpeciFically, the

individual flaw is treated as a crack whose propagation nechantimR t; governed

by the criteria derived from the theory o' linear dlastic fractire ,nechaics;

the collective behavior of a dtstrtbitton of randoin flaws is then treat-O by a

method of stochastic processes.

(7) Within the logical conta~t outlined lihove, two problems of funllamen-

tal nature arise. The first is related o tPe actiial cbarictertzation of the

effective flaw distribution, given a ftnite uolun of the 9li mat ril. Ry

19
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definition, this distribution can be characterized only by phenomenological

means. And, as such, a considerable amount of empiricisms would be involved

in the characterization. This will undoubtedly pose uncertainties as to the

uniqueness and the reliability of the determined flaw distribution as a ply

material property.

The second problem concerns the consistency bet4een the physics and the

mathematics associated with the crack propagation criteria used. On one hand,

the theory of elastic fracture imechanit.s assumes that crack propagation is

governed by conditions which exist in the closest vicinity of the crack-tip,

where the dtension of the region of interest is often smaller than the

diameter of a single fiber, or the actual size of a microflaw. On the other

hand, the actual physics of natrix cracking seems tj ttdicati that sicroscopic

activities near the crack-tip may extend over a region larger than

several fiber cross-sect ions.

(8) To alleviata these difficulties, a modification of the classical

criteria of crack propagVtion is propose.|. lamely, only the effectU'e frac-

ture iliantities are defined and ,ised. In particiitr, a discrette for n, or an

averaged valie of the :3train energy release rate G over a finite crick axten-

J* sion Aa is defined, see Eiuition (1.7). The choice for t1he proper size of the

crack eKtension AA will depen: on s:ch factori as the 3t.e of nat!rtal hetaro-

geaeity (e.g. fiber Iiimetir, microFlaws, etc.) in the actial composite systemi

and the lamination fihrication virtahles.

Using the c;ulcepts 1)reseit , ahOa-2, the Frct-ir; ,descrtfptin f)r vitrtK

cracks may be autglient i by a nu xrtcal Flrite el.o, ent Caulation. I I CSt

this background, an snalytf.:al methodo, oy .- rrese:it;,| and| applied t) s,,_' 1

natrtK cr4cking Crobl, n:;. goncirrent . p ierent h:'ve been coctI t-

* ad lcdst the theory. 'lost if the '12t I s nr- )rasuut;, In the F11 wOlt

chapter-.
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Figure 1.1 Laminate Coordinate and Stress Field.
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00-PLIES.TRANSVERSE CRACKS

90*-PLIES

00-PLIE

Figure 1.2 Intraply Crzcking (Transverse Cracks) in a Cross-Ply
Laminate.
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Figure 1.3 Interply Cracking (Edge Delaminate) in a Multi-Ply
Laminate.
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Figure 1.5 Cross-Sectiona] Photomicrograph of a Graphite-Epoxy

Unidirectional System.
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Figure 1.6 Matrix Crack Propagating Parallel to the Fibers.

0 0

Figure 1.7 Matrix Crack Propagating Normal to the Fibers.
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Figure 1.8 Classical Definition of G versus G* for Finite -a.
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z

Figure 1.9 Crack-Tip Coordinates for a Crack Propagating in

the x-y Plane.
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Figure 1.11 Finite Element Representation for a Crack
* Propagating in the x-y Plane.
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CHAPTER II. ANALYSIS OF INTRAPLY CRACKING

2.1 Intraply Versus Interply Matrix Cracks

As was seen in the previous chapter, structural composites made Fron

laminated unidirectional plies frequently suffer matrix cracks well before

final laminate rupture. These matrix cricks can develop into damage zones of

various degrees of severity under service loading.

To visualize the physical iature of matrix cracks at the macroscale, it

is useful to examine the sketch in Figure 2.1. Individually, each untiirec-

tional ply is highly anisotropic. For example, the ply stiffness in the Fiber

direction, EL, can be orders of -nagniltude larger than the stiffness nornal to

the fiber direction, ET4. Similar differences also exist et4een the Vi-ply

Poisson ritios VLT and vTL, the thernal expansion coefficients ii the longlitu-

dinal direction aL, and the trAnsverse direction, OT, etc. Table IT-i shows

the disparity between the fiber lontiated and the matrix doinL-ated effective

ply properties of a typical griphite-epoxy unidlirectional system.

Clearly, the il-plane property ,nisnatch bet.,een plies of different fiber

orientations can cause complex in-ply and interply stresses when the olies are

laminated together. The thermal expansion isma tch hetwe, - plies in liintrates

cured at high tempera tmre will resol t in cons iler )1e thermal resilual

Jstresses upon cooling to amihent temeritire. Likewvia, a mi;match oF sttff-

ness and Poisson ritio between plies complicates the liminati qtress fleli

when exteral 3ervice load is applied.

Since the ply tensile stre,,gth trinsverse ti the Fthers Is usuallv )rlers

of nagnitude 3rialler thai the qtreingth ii the Fine,- ltrectian, (see .!.g . T-Able

I-1), matrix cracks flue to ti-ply tens in 'IT or liter,)v te,,ns ,i -

ly occr; L rst. But, whether il 1-itraply ,natrl< oro i , occor- 3 're ul

titarply ,ntri x crick il a g;iven liuiiat! dep-nls )i the limi 'vit? eoaetry mn

.3



NADC-8S 18-60

the exact nature of loading. Particularly, geometrical factors profoundly

Influence the laminate's in-ply and interply stress fields.

To illustrate, compare the following two cases between the 10/901, and

the [_+25/901s laminate coupons:

The 10/901 Tensile Coupon. Assume that the 10/90] s laminate coupon is

long and is loaded uniformly in axial extension. Under such a condition, the

laminate stress field i3 independent of the axial coordinate x and the three-

dimensional laminate stresses can be analyzed by 3 two-dimensional generalized

plane strain formulation in the y-z plane. This problem has originally been

treated by Pipes and Pagano [301; and a later treatment ,ising a sepcial finite

element method was carried out by Wang and Cross-an 1311.

Now, let the aterial system be T300/934 graphite-epoxy system (see Table

II-i for ply properties) and consider the stress field induced by an applied

far-field strati, ex = I we. The doninant in-ply and interply stresses in the

q0 -ply are sketched in Figure 2.?. It is seen that the tensile ox stress is

due to the applied tension, while a conpressive j, stress is calsed by the

Poisson ratio mismatch betjeen the )-ply and the ')0°-ply. On the other hand,

the tensile a, and the shearing Ty z stresses are effected by and concentrated

near the laminate free edge 1301. Fioure 2.3 shot-s the i. 1.3itrtlbiiton on the

laminate il-pl.ane (90/90 interface) as a fnctton of iI3tasnce Fro, the Free

edge. N4ote the 3harp ri-e I ,va:-,nttude For 0, ,eiir the lvinlat? Free edge.

In tht exanple, the nitrierical ,altie of the ti-ply stress o iUi the T)0 -

ply Is about 11.7 '(pa per IJ, . hle the itdlnri'i i,. tress nea- the Freo ed'e

Is less than 2 i\pa per p,. it Is clear by coapirtson that ti-ply irvitrI.

cracks (tranisverse cricks) ca-iqed hy '.( ir- likely t) occi!r in the 1 'Y-plv

before the eltge stress 0z tad'e, t, t it rj)l; delariM.a-aton.

32% %
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The [125/90]a Tensile Coupon. Now, consider the [+25/90]s coupon under

similar situation. In this case, the +250-plies as a unit has a smaller axial

stiffness, but has a larger in-plane Poisson ratio vxy. Consequently, both

the i-ply and the interply stresses near the free edge region are consider-

ably altered, especially the interply stress az near the free edge region

which increases dramatically in value. ks seen in Figure 2.4, the value of oz

at the free edge is about 20 Kpa per Ve, a ten-fold increase from the previous

example.

On the other hand, the ta-ply tensile oa stress in the 9 0*-ply remaias

about the same at 11.7 Kpa per pe. Hence, it may be inferred that interply

cracks in the form of edge delamination ii the 900/900 Interface occurs before

the transverse cracking in the 90*-ply.

ks both the in-ply matrix crack and the iaterply matrLK crack are local-

ized failures, the occurrance of one may precipitate the occurrance of the

other. In the Following, however, the basic mechanisms of these to basic

forms of matrix cracking shall be ea,ntined separately.

2.2 Physical Char:cteristlcs of Intriply Cracking

Consider first the physical charicters of tntraply matrix cracking.

Take, for example, the [1/901, type tensile coupon discussed above. Becaiise

of the relatively small Interlamrniar edge stresses, formation of nitrIK cCacks

is largely, if not exclusively, tnste the thickness of the q0 0 -pli.es 1- the

form of transverse cracks. It is th1 possible to use this eVaInpI 'And

examine the cracking event- withoit regacl to the tifluenc_ of lamninqte Free

edge effects.

The Onset and Growth Charicteristics. When viewe,l nt the ntcr.o-coptit

scale, the formation of a transverse crack 1,1 the )0 *-ply i; sinplj - siudden

separation of the colltimated fibers that lie nor nal to the ippliid tenston.

33
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Within a single specimen, numerous such cracks could form as a sequence of

load-dependent events; onset of the first crack occurs when the applied load

reaches a certain critical value, and similar successive cracks emerge as the

applied load increases. Experimental records by x-radiographs are shown iq

Figure 2.5 for a [0/901 s coupon under monotoniz tension. The pictures show

the emergence of transverse cracks as a function of the applied load. From

the photographs of this kind, a plot of the transverse crack density (cracks

per unit coupon length) versus the applied tension can be obtained.

Figure 2.6 shows a family of such experimental plots froa tests of

T300/934 [0/90n/O0 laminate series with n = 1, 2, 3 and 4 (32]. Except for

the laminate of n = 1 for which no vistble transverse crack was detected

before final laminate rupture, all three cases (n = 2, 3, 4) yielled distinct-

lye transverse crack ,density vs. applied tension relationships. This dati

shows that the 90*-ply transverse cracking process possesses both a probabil-

istic and a deterministic character. Specifically, the occucreace of any one

Individual crack is highly probabilistic, while the overall crack development

process, tnclk|d[ig the taitiation load and the crack density vs. load rela-

tionship as a whole are detarministic.

Several geometrical factors were Found to influence the charicteristics

of the cracking process 132]. In addition to the limtnate stacking se:joeace,

the actual thickness of the 'O°-plies (or the riumher I) also Lnfluences the

cracking behavior. This can be seen from t1e lati i Figure 2.6, which shows

that a thiner ')O0 -layer is capable of reaching a hfi;her crack density than a

thicker 90O-layer. Also, the critical tensle strati 'ecr For the onsit F the

transverse crack process lecrea:es with Increased 11°-layer thikneis, see

Table 11-2.

34
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The Kinematics of Crack Propagation. In order to develop a descriptive

model for intraply cracking, the kinematics of the individual crack propaga-

tion must first be understood. Despite numerous experiments, the exact nature

of the 90*-ply transverse crack propagation is unclear. From macroscopic

observations, it has been suggested that the crack might initiate from a

cluster of flaws which lie thickness-wise in the 90*-ply. ks load reaches the

critical value, a sudden coalescence occurs accompanied by audible acoustic

emissions (see e.g. !33]). This dynamic character may be due to the very

rigid axial stiffness of the 00-plies constraining the flaws In the 0-ply to

propagate primarily in the thickness direction. The propagation 13, however,

immediately arrested or blunted at the 0/90 interface, see Illustration ii

Figure 2.7.

The thickness-wise crack propagation i mersely coajectore, thoirh It

conforms to the phenomenoological behavior observed experimentally. This

conjectire provides a basis for defini-ig and characterizing the "effective"

flaws, as welt as for sinulitrig the m-ltiple cracks propagation process.

2.3 Representation of the Effective Flaws

For practical ,urpose, assume that the ti-ply "effective" flaws are one-

dimensional, beiag orientated in the ply thickness direction as illustratd ti

Figire 2.3. The linear 31;,e of an ti-di"iilvil flaw is de-oted by 2a, which is

bounded by the total thickness of the T)-plies, !nt. The relative pacting

between any tio ,adiacent flAws is denot :i hy -3, whlch can he d!t- rf[i]Ae by

their relative positions (Ki+l - XIe. 'leace, both a a,. s :ire r,:.;l, no)itilvq

random variables. Ii,)en the laminate, the 41istrhbitton Function F(q) ini the

distribution function F(s) are suff icent to deftin the c.)aFctarLqtlcq *F the

flaws ti the )0°-plies.

As will be shown next, tie distribuition fllicL'ion f(,I) ;Iand t(s) in

3Z
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laminates with grouped 90'-plies can be obtained in terms of the flaw distri-

bution functions of a single 900-ply through a statistical volume-theory.

Then, it is necessary only to characterize the flaw distribution functions of

the single 90*-ply as a basic ply property.

Effective Flaws in Single Material Ply. Let 2t he the nominal thickness

of the basic 90*-ply. For a unit length of the 90*-ply, say I cm long, let

there be 4 effective in-ply flaws which lie thickness-wise and distribute

randomly along the 1 cm length, Figure 2.8. If the half size of the ith flaw

is denoted by (ao)i and its location is denoted by (xo)i, then the sets

{(ao)i} and {(xo)i}, ti = 1, M characterize the in-ply flaws of the 0*-ply of

unit length (1 cm).

low, let the set {(ao)i} be represented by a Weibull distribution of the

continuous variable a. in the form [34],

Fl(a o) = 1 - exp [-(aoI/o)aO (2.1)

where o and o are the shape and the scale parameter of the cumulative

distribution Fl(ao).

In the mathematical form of (2.1), the variable ao extends from 0 to c.

But, as a practical matter, ao must be bounded between 0 and t. For instance,

the I-percentile of ao shoull be greater than 0 and the 99-percenitile of ao be

smaller than t. Then the fllowiag constralits on the val,es of ao and So nqy

be Imposed:

i/a1(0.01) "] fl > 0

(2.?)
I /

1(4.6) 01 r ,/ < t

The characterizatton of the in-ply flaw stkie distributton then rdIc.s tI

detarninig the ntimber ,4 and tie parinetrg o anl So, subjected ti the

possible constraints 11 (2.?).

361
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As it will be shown next, the distribution functions f(a) and f(s) in

laminates with grouped 90*-plies can be obtained in terms of the flaw distri-

As for the flaw spacing distribution f(s) or the location set {(xo)i},

i = 1, M, it is often sufficient to select a suitable random number generator

that gives a set of M random values bet4een the interval (0, 1). These random

values then constitute {(Ko)i}.

Effective Flaws in Grouped Plies. In laminates of more than one O0°-ply

grouped tgether is in the [0/90n/O family whe, a > 2, the effective flaws Li

the grouped 90*-plies are not the same size as those in the single n00-ply. A

simple scheme say be used to deter-ine the effective flaw sizes in the grouped

90*-plips, given the flaw sze distr~buton of the si.gle J0 -plv

The schenme i3 based on a statistical consideration of increased volime

[341. It may be perceived at the first glance that the grouped 90*-plies

would behave as q idividual plies arranged in parallel, similar to a bundle

of threads loaded i uniform tension [351. However, because the plies ara

laminated together, failure of any one 9 0°-ply may lead to unstable propaga-

tion through the thickness of the grouped 90 0-plies. Consequently, failure of

the grouped 90*-plies more likely behaves as n plies arranged in series.

kssume that for every unit length (I cm long) of the W0 -ply, there

exists a discrete tensile strength distribution, {(ao)i} i = 1, 9; the set

{(oo)i} is assumed to be related one-to-one with the effective flaws {(o))}

through the linear fractire Ybechanizs law:

(oo)i K/v'Ta-;T ; t 1, 9 (2.3)

where K is some constant.

Now, let the {(oo)i} set be represented by a Weibull failure prohhility

function of the continuous variable ,

PI( o) = I - exp [-(o/fjqo) 01 (2.4)
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The parameters -o and W0 in (2.4) are implicitly related to ao, R, and K

in (2.1) through the relationship of (2.3).

When n 90*-plies grouped together, the probability of failure based on a

in-series arrangement is given by,

Pn(o) 1 -[ - pl(ao)]n  (2.5)

which, upon substitution of Pl(ao) in the form of (2.4), leads to the Weibull

function:

Pn(ao) = 1 - exp [-(ao /Wn
)a ]  (2.6)

where

1/Cl
an" - a and a. = 

0 (1/n) 0 (2.7)

The second result in (2.7) suggests that the charicteristic failure

parameter Fn of n 900-plies in group is deterttined by co and To of the single

ply strength distribution in (2.4). In fact, the same result for Fn can be

obtained if the grouped plies are assumed to behave lilke a bundle arranged in-

parallel if the number n In the bundle is small, say n < 6 [361.

In view of the specific relationship bet4een the strength 0o and flaw

size ao, Equation (2.3), it rymy be assumel that the effective flaw site

distribution in grouped plies obeys a voluiie-rule sinilar to (2.7). Thus, let

the effective flaws of n 90-plies in group he rapresented by the random

variable an; and an is determined from ao ani a. of the single ply by the

relationship,

an - ao(n) 0 (2.8)

As for the location dtitrtbutLon ((xn)i}, it is assumed unchaanged for any

number of 90-plies grouped together.

39



NADC-85118-60

It should be emphasized that the volume-law (2.8) for effective flaw size

distribution In grouped 90°-plies is only empirical and should therefore be

regarded as tentative. Its usefulness remains to be experimentally verified.

Further, research based on microscopic examination and statistical mechanics

is needed in order to define a flaw representation scheme on more rigorous

grounds.

2.4 Shear-Lag Effect on Crack Spacing

-When a 90°-ply transverse crack Is formed, the local tensile load

" formally carried by the 90°-ply is now transferred to the adjacent V°-plies.

Because of the interface bonding strength between the 0* and the 90o plies, an

interlaminar shear stress Txz is developed near the transverse crack termini,

see Figure 2.9. This shear stress is in fact singular at the crack root but

decays exponentially a distance away. ks the shear stress decays, the in-situ

tensile stress o ii the 90*-ply regaiqs Its far-field magnitude. The "size"

of this local load-transfer zone, known also as the shear-lag zone, is roughly

proportional to the total thickness of the -0*-plies which contain the trans-

verse crack. For the [0/901, type tensile coupons considered in tht.3 section,

the shear-lag zone is about 3 times the total thickness of the q0*-plies

[371.

The effect of the 90 0 -ply transverse crack i that it alters the stress

state locally. If a 90-ply flaw is located near the transverse crack, or lie

inside its shear-lag zone, the flaw will become less likely to inittate and

propagate Into a crack. If the flaw i- located outs'Ile the shear-lag zone,

then the presence of the neighboring transverse crack will not have any effect

on the behavior of the flaw. qence, the shear-lag effect indirectly reglate.s

the spacing of transverse cracks. Thi:i effect (an be seen from the crack

density versus load relationships, e.g. shown I Figure 2.6.

39
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Clearly, it is important to include this shear-lag effect either impli-

citly or explicitly in the predictive model for multiple cracks.

2.5 Formulation of the Simulation lodel

The essence of the predictive model is that the transverse cracking

process is regarded as a sequence of local events which occur during the

course of loading. Each event is a fracture propagation problem involving the

growth of a certain effective flaw into a transverse crack. The conditions

governing the individual flaw growth depend on the local stress state surroun-

ding the flaw. This also includes the effects of shear-lag zones and the

concurrent cracking state in the 90*-ply. Since the sizes fail} and locations

{xi } of the flaws are random, the exact order of the cracking events is

actually stochastic in nature.

In what follows, a probabilistic simulation procedure derived from the

Monte-Carlo search techniiue is presented for the transverse cracking process.

Onset of the First Crack. Consider the [1/901, type laminate coupon

under uniaxial tension. Assume that there ac 'I effective flaws In a unit

length of the grouped 90-plies. The sizes of the Flaws (= 2at) are represen-

ted by the set {q} ind their locations by {xi}; i = 1, M. Tn this case, all

flaws are one-dimenstonal and lie thickness-wise in the WO0-plies, as shown la

Figure 2.9.

Under the applied laminate tension, say a uniform tensile strain e,, the

largest flaw in fail, amax, will be the first to I)rpagate into a transverse

crack located at -*. The critical value of (;x)cr for this to happen thus

defines the onset load of the transverse crack eveats.

The determination of (7,c)cr 1s essentially a fractire mechanir s problem.

As postulated earlier, the individual effective flaw would behave as a sm-all

crack. Under the applied tension e and possibly also a uniform temperatire

49
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drop, AT, due to laminate curing, the flaw of size 2ai would undergo inode-I

0
propagation. The energy release rate G which is available at the flaw-tipI

can be calculated by means of the 2-dimensional generalized plane strain

finite element crack-closure procedure as outlined in [111. Thus,

0-
G (x,AT,ai) = 1 -e ex + V'CT " AT]2 (2t) (2.9)

where Ce, and CT are coefficients depending on the value of al :nd the proper-

ties of the particular laminate in question; they are independent of the loads

ex and AT. The quantity (2t), which is the thickness of one ply, represents

the linear scale of the finite element -odel. That is, in the finite element

model, ply thickness is set to a unity.

Onset of flaw propagation Is governed by the criterion (1.3), Yielding,

0
G (ex,AT,ai) = GIc (2.10)

If AT is given, It follows that the critical (Tx)cr for the formation of the

first transverse crack is determined from (2.10) by setting al = Caiax, yield-

ing

- iW/jt - *C AT(ex)Cr VC (2.11)

The Propagative Nature of Transverse Crack. In order to see the propaga-

tive behavior of a Flaw from Its Initirl size 2aj to a full transverse crack,
0

it is useful to exanine the behavior of , in (2.9), which Is a function of a.
I

Figure 2.10 shows the mode-I energy release rata!, , plotted agallst a,
I

typically for [0/901, laminates under :viliail tension.

It is seen that the avwtlable crack-tip energy release rite Iq I non-

linear function of a. The gelera l behavior Is that it increases shir)ly fromn

initial value of ai an, reqchei a ,iaxinui at about 1/4 the half thIckneqs of
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the 90°-plies (- nt). kfter this point, a decrease in C Is effected as theI

crack propagates near the 0/90 interface. Presumably, the crack is then

arrested at the interface.

If the initial size ai is smaller than 3/4 of (nt), onset of propagation

0
is determined by equating G (ai) to GIc according to (2.10). When the flaw

I
0

size starts to increase from ai, the available r becomes larger than 2Ic-
I

Consequently, the propagation is unstable, according to the stability crtter-

ion of (1.4).

The excess energy (the shaded area in Figure 2.10) released during the

unstable propagation may result in local damages at the 0/90 interface near

the crack termini. This subject will be further discussed In a later chapter.

But, it is noted that the amount of the excess energy Increases with the

number of the 900 -plies, n. It may thus be inferred that the level of damage

following the transverse crack arrestment at the 0/90 Interface increases with

the number of the 90-plies grouped together.

Simulation of Multiple Cracks. In the foregoing, the conditions for

determining the critical onset load for the first transverse crack have been

established. kfter the formation of the first crack, all futire cricks will

form from the remaining flaws. But, the stI.es of the reinaling flaws are

smaller than the first, and qome of the Flaws 'iy now be ander the infltNence

0
. of the shear-lag effect from the first crack. Now, let , he the avalfable

T

- energy release rite at the tI:) of a flaw If It is ,Itqtle the tifltenc, of

- shear-lag, while C, be the energy relaqse rite If it tA instle the qher-lag

zone. Then, the vil,e of ';, Is siller than 2 and (; is eIs pressibe II the

form

o

17.1( x , AT, a) = R(s) 10 (e , ,T, 1) (1.12)
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where R(s) is a reduction factor representing the effect of shear-lag. Depen-

ding on the distance s between the flaw and the first crack, R(s) has a value

in the interval (0, 1), see Figure 2.11.

The curve shown in Figure 2.11 can be numerically generated by the same

finite element procedure by including the presence of a transverse crack in

the calculation of G for the considered flaw; see inset of Figure 2.11.

Hence, for all the remaining flaws in {ai}, minus amx, the one flaw that

gives the largest GI will be the next to propagate into a transverse crack.

This is accomplished most routinely by a computer search [12]. Then, the

corresponding applied laminate tension, ex, for this flaw to propagate is

determined again from the fracture condition,

Gi(ex, AT, a) = (.3

given the values of AT and a associated with the flaw.

Note that e determined from (2.13) is larger than (x)cc determined for

the first crack, because a Is smaller than areax ind the Flaw may be under the

influence of the shear-lag of the first crack.

ks for subsequent cracks, they can be stmiltarly determined fro, the

remaiaiag flaws. The corresponding laminate stralis are Found through solving

equations similar to (2.13). 4owever, a flaw located bet4een t-o adjacent

transverse cracks, will he subjected to a shear-lag effect From each crack.

In sch cases, the available energy release rate ait the flaw tip is expCessed

as

0
GI(ex, AT, a) = R(s.) • (ex, AT, a) • R(sr) (2.M

I

where se and sr Are dstances from the flaw to the left crack and to the rtisht

crack, respectively.
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Successive searches for the most energetically possible flaws to become

transverse cracks provide a load-sequence for the multiple cracks formation

process. The searching procedure mimicks the cracking process as it woul,

occur naturally. Since each simulation begins by generating a set of M random

numbers used to define the flaws in the 90*-plies, the random number set nay

be considered in a sense as a test specimen. Generations of several random

number sets can be used to simulate replicate test specimens. In this manner,

the scattering property of transverse cracks in a sample of replicates can

also be simulated.

2.6 Illustrative Exanples

With the modelling procedure outlined in the preceding section, the

method can now be illustrated by several experimental examples. Constier

first the T300/934 laminate family [0/90n/) ] , n = 1, 2, 3 and 4 under jiniaxial

tension. The basic ply properties of the ,nidirectional system have been

previously given in Table I-i, and the growth data for multiple cracks under

increasing laminate tension were shown earlier in Figure 2.6. Fron thi3 crack

growth data, the experimental onset load for transverse cracking for each

value of n can be determined. These are listed in Table 11-2.

Determination of Effective Flaw Distributions. The first step ii the

modelling is to determine the effective flaws in the basic QO*-ply as a ply

property. To do so, a correlation ii performed between the predicted and the

experimental crack-density versus applied load relationships. Prom Figure =

2.6, it is noted that in the case of n = 1 there was no noticeable transverse

cracks formed prior to laminate final rupt,tre. But For n = 2, 3 anl 4,

sufficient number of transverse cracks are recorled. For the Illustrqttve

examples to be discussed in this section, the (ffect[ve flaw dIstrlhut[on ii

the qO*-Pll will he determined tstng the data curje for ti = . It will he
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assumed here that two (2) 90*-plies grouped together shall be a basic unit;

the flaws in its thickness are denoted by the set {(a2)i. Then, according to

the volume-law proposed in Equation (2.8), the flaw sizes for n = 3 and n = 4

are represented by
2/ a

(an)i = (a2)i (n/2) 2 ; n 3, 4 (2.15)

where a2 is the shape parameter of the distribution function for (a2 }.

Now, assume there are M flaws In each unit length of the basic 90-ply;

and there are 4 locations (xi} in a unit length. The set of flaw locations,

{xi}, is obtatied from a suitable random number generator that yields M values

in the interval (0, 1). These same values are also used in conjunction with

the assumed flaw distribution function of the Welbull form, Equation (2.1), in

the following way: by letting F equal to each of the discrete values of {xi}

and by guessing the parameters a2 and 2 (the subscript 2 denotes two 90'-

plies grouped together), a discrete set [(a2)i}, i = 1, M, is obtained fromn

solving (2.1).

With [xi} and {(a2)i} defined, simulation of the transverse crack process

may begin. Detailed calculations in the simulation will be presented liter in

this section; but it is sufficient to state here that correlations bet-een the

simulated results and the experimental data finalize the values of a? and f2

and the value of M. For the data shown for n = 2 in Figure 2.6, this proce-

dure yielded, by best fit, for the following values:

9 = 32 crack/cm
(2.1)

'12 4; p? = 0.q6t

'ow, let the largest flaw ii (a2)i} be ia the top 3% rank, or the )7-

percentile in the flaw size cumulative functton (2.1); It follows that

45

" -° "" °° ""'.'', ". ' ", "- . -""- " " *.% .' • ". . ". "'°o" " ." " . .' o " . . -. "- . -o ° ° . *.- *-' " . . * °- - . " * "



NADC-85118-60

(a2)max 1.31t (2.17)

Using the volume-law of (2.15), the maximum flaw size for the cases of

n = 3 and n = 4 are represented respectively by:

(a3)max = 1.61t
• (2.l13)

(a4)max l.5t

Determination of Onset of Transverse Cracking. By using the ply stiff-

ness properties of the T300/934 graphite/epoxy systemn listed in Tahle TI-I,

the strain energy release rate coefficients Ce and Cr that Appear in Equation

(2.9) are generated numerically for each value of n. These coefficients are

shown, respectively, in Figures 2.12 and 2.13 as functions of the half flaw

size a. To predict the critical tensile load for onset, Equation (2.11) is

used in which the coefficients Ce and Cr take their values at a = ainax. These

values are listed in Table 11-3. Note that for the case of n = 1, amaK Couldl

not be determined; so the maximum available energy release rate Gm i3 used

for prediction.

'inally, by asstigntg 2t = 132 x 10-6-n, AT = 129'C and Cq. = 221 J/m 2

(Table 1I-1) solving Equation (2.11) yields the critical strali

(ex)cr for each case of n. The predi.zted results and those found expertient-

ally (see Table 11-2) are compared below:

n (ex)cr, Predicted (eK)cr, Experiment

2 0.6%66

3 ).5583 0.61 '1

4 0.52" ". 52 !
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For all practical purposes, the prediction is satisfactory both In magnl-

tude and in trend.

Simulation of Multiple Cracks. Since the results shown in Figure 2.6 are

from the initial portion of the transverse cracking process, it is insuf-

ficient for a complete simulation. Tnstead, the experimental data reported

recently in Reference [381 will be used next. In that experiment, a series of

T300/934 graphite-epoxy laminates in the form of 102/902n/021 , n = 1, 2 and 4,

were tested under uniaxial tension. This family of laminates is identical in

stacking sequence as the [0/90n/91 family considered in the earlier examples,

but the thicknesses of the layers of like fiber orientation are now doubled.

As it will be shown shortly, the doubling of the layer thickness permits early

onset of transverse cracks in the 90*-plies. Consequently, complete develop-

ment of transverse cracks is obtained before the other complicating failure

modes occur.

Figure 2.14 shows the experimental crack density versus the applied lamt-

nate stress ax curves for each n in the 132/902n/021 family. For each n,

there were four replicate specimens tested; and a ftntte-width scatter band is

obtained and displayed. Note that for each n, a transverse crack density

saturation limit is reached before final laminate failure. The random search

procedure outlined earlier will now be used to simulate this result.

The T300/934 Graphite-epoxy ply constants listed In Table IT-i are used

in all computations. In fact, the energy release rate curves for Ce and Cr

shown ti Figures 2.t2 and 2.13 are also used iq the present f32/902n,/12

cases. Since layers of like fiber orientation are ,now doubled, the c'ries i-
0

Figures 2.12 and 2.13 can be used to compute G in equation (2.9) by replacingI

2t by 4t. Then, all other equations reinati unchanged, excopt the size dtitrt-

button function for the effectIve Flaws.
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As the effective flaws in the basic plies (two 90*-plies grouped toge-

ther) were already determined, see (2.16), it is necessary only to follow the

volume-law to define the flaw sizes in 90*-layers of more than two plies.

Note that in this laminate series, with n - 1, 2, and .4, the numbers of

the grouped 900-plies are, respectively, 2, 4, and 8. The effective flaw size

for the cases of n - 1, 2 and 4 should now be determined by,

2/a 2

(a2n)i = (a2)i (n) 2 ; n - 1, 2 and 4 (2.19)

It will be assumed that for each case of n, there are I = 32 flaws per
1 cm as before. The flaw locations are again represented by a set of M random

values in the interval (0, 1). To include the shear-lag effect, the energy

reduction factor R(s) must be generated independently. The R(s) factor for

[02/902n/021 is represented by a single function in terms of s and n:

(s, n) = 1 - 1.0056 exp [-0.3888s/n tI (2.20)

Equation (2.20) is graphically displayed in Figure 2.15.

Now, all the elements for the simulation are now given: the value of 4,

the flaw size distribution {ai} for any value of n, the flaw location distri-

button {xi}, the energy release rate coefficients Ce, and CT. and the energy

reduction factor R(s, n). By following the outlined search procedure, 90°-

layer crack development is simulated as a function of ascendig liminate

stress a., or strain e.. The computer routine utilized incorporates a Monte-

Carlo type search procedure, the detail of which has been described i !121.

For each 102/902n/02J laminate type, four or five replicate sinulIttons

are performed (each simulation represens i specimen). Recaqjse of the Itfcrete

nat-re of the random nuimbers, specimens so represented :tcr slightly diFferent

from one another. Consequently, repented siiul.tionq nlio jive rise t a
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scatter band in the results.

Figure 2.16 shows the simulated transverse crack density versus the

applied (tensile) laminate stress -x for four specimens of n - 1. It is seen

that the simulated results form a narrow scatter band and agree closely with

the band obtained by actual experiment.

Similar comparisons for the laminates of n - 2 and 4 are displayed in

Figure 2.17 and Figure 2.18, respectively. Here, again, the simulated results

agree reasonably well with the experiment both in trend and in scatter. Note

that the scatter band in the simulated results stems from the random numbers

scheme used, whereas the scatter band in the experimental data is due to

physical factors such as the random property of the basic composite material

system and the randomness in the laminate curing procedure, specimen handling

practice, the test method, etc. In the illustrations shown In Figures 2.16 to

2.18, no special effort was made to correlate in any way the scatter bet4een

the simulated and the experimental results.

2.7 Effects of Thermal Residual Stresses

In the example problems considered so far, the effects of thermal resid-

ual stresses have been included implicitly in the analysis. It is interesting

to examine these effects explicitly in some detail. Figure 2.19 shows the in-

situ, tensile stress ax in the 90-plies at the onset of the first transverse

crack for each n value in the I)/90n/0 ] family. The calculated ux stress

contains the contributions from both the thermal cooling of AT and the riechan-

ical loading, ex.

It is seen that the total tn-situ Ox is not constant with respect to n1,

but decreases sharply with Increasing n. 4lthough the in-situ ox is directly

responsible for the formation of trqnsverse cracking, it i not i ,iseful

strength measure for the 90*-ply. Thernal cool down following fabrication

4)
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curing induces about 25% to 40% of the total in-situ Ox, depending on the

value of n.

The thermal stress contribution to the total strain energy release rate
0

is associated with the coefficients CT in Equation (2.9). Note that I is1

composed of three parts: Ge, GT and GeT representing, respectively, the

energy due directly to the applied tension '9, the temperature drop AT and the

coupled energy involving both i, and AT. Figure 2.20 displays the values of

the parts Ge, G' and GeT for the considered laminate family when the first

0
crack is formed. Note that, at onset of the crack, G is equal to GIC and GICr

is independent of n.

Since the sum of GT and GeT is attributable to the thermal effects, its

share in the total energy release rate can be as much as 40% to 65%, depending

on the value of n.

Clearly, the thermal effects are important and must be included in the

cracking analysis. Furthermore, the thermal stress effect and the applied

stress effect on the total strain energy required for cracking are not simply

additive. This is fundamentally different from the failure criterion based on

strength. In the latter, thermal and mechanical stresses are linearly addi-

tive.

2. Summary

In this chapter, an analysis method was presented for the formation

process of intraply matrix cracks in the form of 90°-ply transverse cracking.

The ,nderlining assumption of the method is that successive cracks in the

90-ply under transverse tension are due to the propagation and the ;irrestnent

of material flaws which distributz, randomly in the 9 0-ply. The rnalysl

entails two essential elements, the first being tie proper representation of

the material flaws -s an inherent ply property, and the second being the

5"0
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establishment of a logical criterion determining the exact loading condition

at which a particular flaw becomes a transverse crack.

The representation of material flaws is based on a set of assumed effect-

ive flaws for the basic material ply. As such, the effective flaws do not

have real physical identity but their effect results in the macroscopic

characteristics of the multiple cracking observed in experiment.

Once the effective flaw distribution for a 90*-ply having a reference

thickness is known, the effective flaws In several 90*-plies grouped together

can be determined by means of a statistical volume-law. The law suggested by

Equation (2.8), while plausible, is essentially empirical. Further research

Is needed in order to formulate a volume-law on more rigorous grounds.

ks for the formation of transverse cracks, the classical fracture ,mechan-

ics criterion is employed. It is assumed that each of the effective flaws

behaves like a small crack. Onset of Its propagation defines the transition

from a flaw to a transverse crack; and its arrestment at the 0/90 interface

completes the formation.

The calculation of the straiq energy release rate associated with a flaw/

crack propagating in the thickness of the W00-plies t accomplished by a

finite element procedure based on ply elasticity. The procedure is a numeri-

cal alternative for problems having complex geometrical constratits, along

with other peculiarities such as the ticlusion of thermal effect, shear-lag

effect, etc.

Because the effective flaws In the p0-plies ar! random in s[,.e and

location, successive flaw/crack transitions under the applied load constltut

a stochastic process. A search procedure is used for the simulation of

multiple cracks as a Function of continued loading.

51
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In addition to the logical development of the analytical model, the

influence of the lamination parameters on the model are also addressed. These

parameters are found to play an important role in the crack formation process-

es. For example, the effects of lamination stacking sequence, the actual ply

thickness, etc., are implicitly contained in the predictive model. By varying

these parameters both in the model simulation and in the experiments, their

influence can be quantified and the reliability as well as the generality of

the analytical model can be evaluated.

At the conclusion of this chapter, it is noted that the effective flaw

concept results in physically correct behavior although the actnal representa-

tion of the flaws remains a subject for further refinement. This also

Includes the empirically derived volume-law for flaws iq grouped 90°-plies.
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TABLE E1-i

Material Constants for T300/934 Unidirectional Ply*

Property SI Unit English Unit

ELL 144.1 Gpa 21xlO 6 psi

Err, Ezz 11.7 Gpa 1.7x10 6 psi

VLT, VLz 0.3 0.3

Vrz 0.54 0.54

GLT, GLz 6.5 Gpa 0.94xlO 6 psi

GTz 3.5 Gpa 0.5x10 6 psi

cTt z ?8.gxI0-6/oC 16.10- 6/oF

aL  O.36.10- 6/*C 0.2xj0-6/OF

OL, long. tensile strength 1720 mpa 250 kst

or, trans. tensile strength 44 mpa 6.5 ksi

2t, nomirial ply thickness 0.132 un 0.0052"

AT, temperature drop 125 0C 225OF

GIc (0/0 interflce)** 159 J/,n2  0.9 in-lb/in -

GIC (90/90 interface)** 2219 J/'n2  1.3 ii-lb/in 2

G(I, l l)c, GI[/G1 = 0.5*k 293.75 i/.T 2  1.65 in-lb/in 2

*Data taken from Reference [291.

**See discussions in Reference [111.
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TABLE 11-2

Onset of Transverse Cracking in [0/90n/01 Laminate Family*

Experimental Experimental Experimnental

Laminate Axial Stiffness Onset Stress Onset Strain

[0/90/01 95.8 GPa >950 KPa )l.00%

(0/902/01 78.2 GPa 520 MPa 0.66%

[0190310] 64.9 GPa 400 MPa 0.61%

10190410] 55.8 GPa 290 MP3 0.52%

*Data taken from Reference (321

r5
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TABLE 1-3

Maximum Flaw Size and Fergy Release Rate for [O/90n/01

max ,e, lOj/m3  CT, */, 3/c 2

1 -- 9.4* .5*

2 1.31t 17.0 11.5

3 I1.61t 22.0 14.0

4 1.85t 25.0 15.?

*Maximnum value is used.
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Figure 2.2 In-Ply and Interply Stresses Near the Free Edge
of the [0/90] Laminate Under Tension.
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Figure 2.3 Interlaminar az (in kpa/ie) on Laminate Mid-Plane
as a Function of Distance From Free Edge [0/90]s.

58

% §? "7'? .ix A. ~A



NADC-85118-60

kpa

20

(-25/25/90)9

15

10-

5

0

-5F

d/t 16 12 8 40

44 Figure 2.4 Interlaminar cz (in kpa/ve) on Laminate Mid-Plane
as a Function of Distance From Free Edge [+25/901s.
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Figure 2.5 X-Radiographs Showing Transverse Cracks Formation
Under Increasing Tension.
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* Figure 2.7 An X-Radiograph and a Thickness View Photo-Micrograph
of Transverse Cracks in a [+25/902]s Laminate.
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Figure 2.8 The Distribution of Effective Flaws in the

[0/9On/0] Laminate Family.
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Figure 2.9 The Formation of Shear-Lag Zone.
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Figure 2.11 Energy Release Rate Retention Factor R(S) for the
(0/90n/0] Laminate Family.
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Figure 2.12 Energy Release Rate Coefficient Ce for the

[0/90n/0J Laminate Family.
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Figure 2.13 Energy Release Rate Coefficient CT for the

[O/ 90n/0] Laminate Family.

68

4 ~%I '* p'. ~ * ~ i
U h . . .* U. -



NADC-85118-60

0
0

CL -

E

,4

NM

'H

0

cm co

ul

0 
> 0

., .,-

41

QI 0

c0

tto

- 69



NAD-85118-60

C

00

000

0

c -

co 0

--

o 0o

0 0

4.4

(0 Q)

It))

700



NAD-85118-60

LI)

iq-4

0-

U')

'4

10)
'4 c

R 41
Lci

roU w 00
-H 1.

UU
&r LIi

0) LL: Y) w 7-

*~ Lu. >I ~ .

-i LLJ LLJ

I) -J

Ml INW-

Na 1/w lIS3 Od

I71



NADC-85118-60

rr

IX,,

0)

U)

Ld- a)H

-4x Z 0,c

0,

0i~ Li wn..

I- co~

0 )

U)- Id- .1

It rv)
OUr/cn AiS3w>Od

~-' ~ 72



NADC-85118-60

(S)

tI-.

U)U

(S))

V" x c

UC)
4-.A-

CD~
m V) 10

U) -10

-14

a)0

w.J
OWU~ r

Ix

ix~ -4

U') w

:D CL*,* -4

(NE/#) AiISN3UI )3I3~J
73



NADC-85118-60

Mpa
160

140- (0/9on/0)

120

100

80 e

40

20 (-)

00

'Figure 2.19 In-Situ Tensile Stress ax in the 900-Plies at

Onset of Transverse Cracking.

74



NADC-85118-60

100 %G Ic

(0/ 9On/0)

80 -Ge

60-

40
GeT

20-

0 1 1 1

0 1 2 3 4 n

Figue 2.0Pecentof et GeT and GT in Total Energy Release Rate
at Onset of Transverse Cracking.

75



NADC-85118-60

CHAPTER iMt. ANALYSIS OF INTERPLY CRACKING

3.1 Physical Characteristics of Interply Cracking

In Chapter II, the mechanics of intraply cracking in the form of trans-

verse cracks was Investigated. Intraply cracking Is labeled as the first

basic form of matrix crack, which occurs primarily because of the in-ply

stresses, a., Gy, and Txy. The second basic form of matrix crack is interply

crack, or delamination. Delamination is a plane crack which initiates and

propagates in a plane parallel to or insile of an interface between two

adjacent plies. The primary cause Is the interlaminar stresses Iz, tXZ and

TyZ that exist in the delaminating plane.

In practice, most structaral laminates are designed to withstand in-plane

loads. Interlaminar stresses occur near locations of geometric discontinuity,

such as laminate free edge, bolt-hole, surface cut, inclston, internal

defect, or some titraply cracks that already occurred, etc. hence, interlami-

nar stresses are localized or concentrited stresses.

The severity of the various localized interlamiiar stresses depends on

the nature of the particular geometrtcil 1iscontlnuity. Similarly, the

initiation and propagAtion characteristics of tntr rply cracktng also varv witlh

the same geometrical Factor.

In thii section, an effort is r"aIe t- delineate the physical behaviors of

some commonly observed deiaminattons t[i etg ieertig terins, and t) set I

logical 2rocedure for at analytical treatnent.

Free Edge Delamiations. Constier first tho Free edge delamrIatfon

problem. This problem has attracted reseirch tit-.r.:stq !,ear stnce the a11'ent

of composite laminates. As far back as 1i the lite 1161's, lihoritt)rv coopon

tests already estiblished that the tensile qtrewjth o FI limin-it cotnpon

depends on whether -)r iot fre, ed! e ietiminatlon 'c(-iri ortor to finnl -opon
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rupture. In this regard, it was found that the laminate's ply stacking

sequence greatly influences the behavior of the observed free edge delamina-

tion 1391. Bjeletich, et. al 129] showed, for example, the uniaxial tensile

strength of the graphite-epoxy [+45/0/901, coupon was much lower than the

10/90/+451, coupon. The reason is that the former can develop extensive free

edge delamination prior to final failure, while the latter cannot. Free edge

stress analysis based on ply elasticity reveals that large tensile a. stress

is concentrated along the free edge of the [+45/0/901, coupon, while a

compressive az stress is concentrated along the edge of the !0/90/+451,

coupon. Hence, the former is prone to delamination; the latter is not.

Actually, stacking sequence is not the only factor affecting the behavior

of free edge delamination. Other factors have been identified. For instance,

Rodini, et. al [401 were the first to experimentally document the dependence

of delamination growth on ply thickness. They showed that the critical

laminate tensile strain ex at the initiation of edge delaminatton in a

[+45n/On/90nls, n = 1, 2, 3, laminate family varied approximately inversely

with the value of V'n. k more systematic stiidy of ply thickness effect on

matrix cracking in general was reported recently by Crossman, at. al 141].

Experimental locumentation of free edge delamination has traditionally

been conducted using both macroscopic and microscopic damage ins, ect[on

techniques. Optic opaqiie penetraut enhanced x-radiogr ThN L z)iig the

techniques used at the acroscale, while microphotography in conjinction with

scanning electronic microscopy is a method for detecting ,naterial ,am-nie at

the microscale.

Figure 3.i shows an -radiograph in plane .idaw of free edge delamtnation

in a !*45/9/901 graphite-epoxy coiupon s:uhiected t- un[-xial tension. In th L

particular lamianta coupon, a uniForm ulelami, atiton was itttiat-d along hoth

77
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edges of the laminate at about 90% the laminate ultimate strength. The growth

behavior was essentially stable. Near total delamination, other matrix crack-

ing modes developed and caused final failure of the test coupon.

Microscopic examination of the same delamlnated coupon gives a more

detailed view. Figure 3.1b is an edge view of the delamination magnified at

30 times. This picture was taken after the onset of edge delamination, but

before the laminate failure. It is seen that the crack is not confined in any

one given ply-to-ply interface. Rather, it wanders in the thickness of the

90*-plies with a zig-zagged path. The zig-zagged crack surface may be

explained by the fact that the 90*-plies near the free edge region xe subject-

ed both to a tensile o z normal to the laminate plane and to a tensile o in

the loading direction. The tensile ox tends to cause transverse cracks In the

90*-ply, while the tensile az causes delamination.

As the applied tensile load increases, the delamination propagates

further toward the center of the laminate. The growth Is sometimes concrrent

with multiple transverse cracks In the 10-ply. Figure I.2 shows an 10x

thickness-view of the s:me [_45/)/901 s coupon tiken Just bef',re Its final

failure. Note that in addition t- delamination in the 9 0 °-pltes, there are

also delaminations in the +45 interfaces and the -45/90 interfaces. Moreover,

intraply cracks in the +45 plies are also visihle. Clearly, at this stage of

loading, laminate matrix cracking V volves several modes of failure that cc,,r

at several Interfaces. For the laminate shown here, however, onset of edge

delamination at 90% of the laminte ,iltimate strength appeir3 t' be the first

event In the ,matrix crackig process.

As mentioned, growth of delami.ntion ca'tsist 3econldary crlcks 1 other

plies. Figuire 3.3 shows a set of free edge (lelamination photgriphs tiki,

from - f+25/90/-25] tensile cooupon. 'lfer., a free -ig Cr1tk k s'een t) h:
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formed initially in the 90*-ply, but then branched onto the 25/90 interface as

It propagated inward. The branching is probably caused by the secondary

skewed cracks that occur aheal of the delamination. The skewed secondary

cracks in the 90*-ply thickness is clearly the result of multi-axial tensile

stresses that develop near the delamination front. In this parttiular

instance, the thickness of the 9 0*-ply is thin arnd the threshold condition for

* a pure 90'-piy transverse cracking is not reached before edge delamination.

'lowever, the tensile a. is significant enough to alter the Initial delamina-

tion growth direction.

Finally, Figure 3.4 displays an K-radiograph of free edge delamination

* for a I902/02/+4521, laminate coupon subjected to uniaxial compression 1421.

* In this case, a tensile a. stress Is developed In the 445*-plies near the free

* edge. This caused free edge delamination in the 45/-45 interface. Note that

the delamination contour is not as unifirm alnng the Free edge, due possibly

*to the constrait from the grips at the coupon's end-tabs. Although the test

* specimen was very short length-wisa t prevent ,oblbuckling, local ply

buckling still occurred subsequent t,) delamination. The latter hadl reslilt--rd

in transverse cracks in the 45*-plties, as can he seen ti igura 3.4.

Other Types of Delamination. The foregoing discussions focussel on the

physical nature of free edge le laminatitons as observed i some lah1orit~ry

coupon tests. (3enerilly free edge lelamina-tion is not .a concern t-1 applica-

tions. In practical proble'as, de lami nat tons usually occur near limtnalt?

defects where the stress concentration is much mnore2 seveare than the Fr.:!e . dfE

tidiced stress concentration.

Vigure 3.5 shows an' x-ridtogriph t ilmt- F roin A s~ h t-n

[45f0)21-45/'2/')O1 , laminat:e tormstlie couponi hvay , :1~ thromi"1h hole. In1 tlhi '

test Coupon, b)oth the a tra Lih t edean4 tie ciii r- I igar11m1I the h11011-
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interlaminar stresses. Indeed, delamination cracks can be seen to form along

both the straight edges and around the hole. However, the contour of delami-

nation around the hole is more complicated than that along the free edge,

because the stress field around the hole is more complex.

Another example of complicated ply delamination is shown In Figure 3.6,

where a T300/934 graphite-epoxy tensile coupon having 102/903]s lamination was

subjected to uniaxial tension. Purely 90*-ply transverse cracks are induced

long before any delamination. Upon increased loading, the transverse cracks

acted like local defects which cause localized Interlaminar stresses. This

results in the development of localized delaminations. ks can he seen from

Figure 3.6, these delaminations grew with the increasing load and their

coalescence precipitated a massive 0/90 interface separation. This last event

is believed to have caused the final specimen failure.

Finally, Figure 3.7 is an x-ray picture of a graphite-epoxy laminate

subjected to low velocity impact. The localized damage caused by the impact-

ing object involved primarily matrix cracks in the various plies and ply

interfaces. Post-impact strength Li adversely affected by the damage propaga-

tion upon re-loading.

These laboratory examples are cited to portray the complex characters of

interply cracking. Though the basic cause of delamination Is attributable to

the existence of interlaminar stresses, the exact Aitrtbutfon of these

stresses cannot always be determined. Since interply cracking in1 titraply

cracking often mutially interact, the titeracttng mechanisms ;:tlo renai

perplexing.

In the foliowiig, an effort Is made to idealize and simplify the iolaml-

nation mechanisms, yet to retati al the C(StSCltia1 tnFlitenctf factwr4. In

this context, a descriptive model is formul itid f-r the tittlition ;l rowtli

80.
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of some important delamination problems, as seen from a macroscopic viewpoint.

3.2 The Energy Model for Free Edge Delamination

As has been previously stated, the physical complexities of interply

cracking are far from being fully clarified, especially the mechanisms associ-

ated with crack interactions. But, for the simpler problem of free edge

delamination which propagates without crack interactions, a reasonably

accurate analysis of the phenomena at the macroscopic level is possible. The

analysis approach will be the same fracture mechanics concept applied to the

intraply cracking problems. Some preliminary considerations for the model

formulation are given in the following.

Kinematics of Free Edge Delamination. Consider the case of a long lami-

nate coupon having straight edges. Let the laminate ply stacking sequence and

the manner of loading be such that free edge delamination occuri exclusively

at a known ply interface. For simplicity, assume that the initiation and

propagation of the delamination is the only matrix crack event during the

course of loading. Under such circumstances, the delamination growth contour

will be uniformly advancing along the edges; the growth may be treated as one-

, dimensional and self-similar. This idealization permits the representation of

the delamination as a line crack propagating in the cross-sectional plane of

the laminate, as illustrated schematically in Figure 1.3.

Effective Interlaminar Flaws. For definiteness, let the laminate be of

finite width 2b and subjected t) the ,itiaxiAl tensile laminate strata e).

Then, given the geometrical lay-up of the laminate, all free edge qtresses

including the Literlaminar -,' z (y7, CAn he ca1,-iilatei based or ply

elasticity. In order to render a prediction f)r delamination tittiaton, it

is necessary to introduce a certali effective ti-itrface Flaw near tlhe free

edge. Upon loading, the flaw i under the t-iflerice of the Free odgu stres3

!%
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field. Delamination of macroscopic dimension will result from the growth of

the flaw once the edge stress field reaches a critical state.

Once again, the size of the effective flaw is unknown; some heuristic

arguments about micro-macro transition are necessary to justify its presence

and to estimate its size, as was done in the tntraply cracking problems.

For the present case, let it be assumed that an "effective" interlaminar

flaw of uniform width "ao" is situated in some ply interface near the straight

edge of the laminate. This effective flaw is regarded as a small interply

crack which begins propagation when the stress state surrounding the flaw-tip

reaches the critical value. This incident then defines the onset of delamina-

tion, with a physical crack detectable at the macroscale.

Condition for Onset of Delamination. The transition from an effective

flaw to a physical crack is governed by the criterion of fracture growth.

Since the particular interface in which edge delaminatton occurs is assumed

known, then the flaw-tip energy release rate G((;X, a0 ) for a given effective

flaw of size a0 can be calculated. The finite element crack-closure proce-

* dures outlined previously is again applicable. The calculated G can be

". conveniently expressed as a function of a0 , given the stacking sequence of the

laminate, the ply elastic constants and the applied tension ex.

Figure 3.8 shows a typical r-curve plotted agaList the flaw size a.. It

is seen that I rises sharply from zero at ao = 0 ani reaches a limiting valie

Gma, at about a. > am. The fact that I initially increases linearly with the

flaw size ao is a behavior similar to the classical crack problems. But 3s ao

approaches am, the crack driving force ( becomes non-linear and reaches

eventially an asymptote. This behavior of ; indicates tf'at the delamination

growth is basically a stable process when its si .e exceeds the quantity a.
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The physical meaning of am is not fully understood at the present time.

Its numerical value for most laminates is of the order of the thickness of the

, material plies which contains the delamination crack. For example, am equals

about 4t (2 ply thickness) in the [+45/0/901, laminate; it equals about 8t in

the [+452/02/902]s laminate [321. Hence, the value of ,max is similarly

affected by the same ply thickness factor.

The calculated G function can be expressed again in explicit terms of the

applied tension ex:

G(ex, a) = Ce(a) - 2t • e.2  (3.1)

where Ce(a) is a coefficient dependent only on the delamination size (denoted

as a); and t is a chosen length parameter (2t = ply thickness). Note that the

functional shape of Ce is similar to G(a) shown in Figure 3.9, given t and -x .

Similarly, if the laminate is subjected to a known uniform temperatire

drop, AT, and if the thermally induced stresses surrounding the flaw-tip alo

effect delamination growth in similar wariner, then the associated flaw-tip

energy release rate due to AT is expressible as

G(AT, a) = CT(a) • 2t - AT2  (3.?)

where CT(a) Is also a function of the delimination size a only. The function-

al behavior CT(a) is similar to that if Ce, see 1321.

When the mechanical load a:4 the temperature load both effect crack

growth at the same time, the total. energy releasa rite i expressible 11

G(ex, AT, a) = [ e " e, + -r - A - (?t) {.)

Now, if the initial size of the offective ,g flaw a, t3 known, thun t'w,

condition for its propagation (i.e. onset aF ,|, limlnation) t, !'overed1 hi

q3
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G(-ex, AT, a) =G; a = a o  (3.4)

In order to execute a solution for (3.4), one question must now be

answered and two quantities defined. The question is on which ply interface

is the delaminaton to occur; and the two quantities to be defined are the

values of Gc and ao .

The Range Of Effective Flaw Size. The question regarding the delamina-

tion site and the value of Gc will be examined in more detail latter in this

section. Now, examine first the possible values of ao . Note from Equation

(3.4) that a one-to-one relationship bet4een the applied tension ex and the

flaw size ao exists, given AT and Gc. Figure 3.9 shows a schematic plot of

Equation (3.4) in the e" versus flaw size plane. It is seen that if a range

of values is given for the edge flaw size an, then a corresponding range for

the onset tension ex can be determined. In particular, if for all probabili-

ty, the effective flaw size a0 i3 of the order of am or larger, then the ringe

of the onset tension ex is very narrow. kcttally, Equation (3.4) predicts a

constant ,ex for all a o 0  al because r then reaches its asymptote. In fact,

this constant e x is the mininum possible lamilate strain predicted for which

onset of delamination couli occur.

ks discussed before, the nitmerical value for a m in riany prictical lami-

nate stacking sequence I; less than 4t, or about ? ply thicknesses. It is

entirely possible that the largest effective titerply flaw size may even be

greater than 4t. In any event, a lower bond for the onset load (ex)cr ca

always be obtatied by setting a. -1, or a o - 4t, whichever is smnnlter.

Location of Delamination. To deter n!ne the exact *Ielamiratton sit, bV an

analytical means is not straight-forward, becauise given a ulti-liyered

laminate coupon there are always severil p1y 1itirfaces possible for *el.li.a-

tion.

9/4
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Consider for example the T300/934 graphite-epoxy [+25/901, laminate under

uniaxial tension examined earlier in Chapter 11. As was pointed out then,

a strong tensile Oz is concentrated near the free edge. So, free edge delami-

nation is expected before 90*-ply transverse cracking. The interlaminar a.

distribution along the mid-plane (90/90 interface) was shown earlier in Figure

2.4. It was inferred that it is this stress which is responsible for edge

delamination.

Actually, oz is not the only strong interlaminar stress near the free

edge; nor is it limited to act only on the laminate mid-plane. In fact, there

is a high shear TxZ acting both on the ?5/-25 and the -25/90 interfaces along

with a tensile i.. Figure 3.10 shows the through-the-thickness distribution

of txz near the free edge, while Figure 3.11 shows the through-the-thickness

distribution for oz. It is seen that rtz are singtilar on the 251-25 and the

-25/90 interfaces. Likewise, o. is singular and tensile on the -25/90 inter-

face.

From the interlaminar stress distributions, It would appear that the

25/-25, -25/90 and 90/90 interfaces are all possible delamination sites.

Owing to the lamination symmetry, delamination ii the 90/90 interface ts

predominantly ti mode-I (opening mode); delamination I the ?5/-25 Interface

Is in mode-Ill (anti-plane shear) and delamination 1i the -25/90 interface t3

mixed with mode-I and ,,ode-ll, as both xz and ox act on that interface.

From such a stress arnalysts, however, Lt is still not possible to deteri-ne

for sure on which of the ply interfaces delamination will inftiate. (1eirly,

a suitable quantity is nereded t. explicitly distingtish the drtn -1tton

conditions on the various possible Interfaces.

To thi3 end, examine the computed strain efroy rel.eas rite avallihie I.,

each of the possible interfaces. tiace on eifh pl, taterfqc,- :in effectl,)n
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interlaminar flaw of size ao is assumed, the available total G at the flaw-tip

in each of the interfaces may be calculated individually in terms of ao and

the applied tension e9.

Figure 3.12 shows two curves for the total energy release rate coeffi-

cient Ce(a), one for a flaw residing in the mid-plane (90/90 interface) and

the other for a flaw in the -25/90 interface. Note that Ce(a) for the mid-

plane flaw contains exclusively mode-I energy, while Ce(a) for the flaw in the

-25/90 interface (dotted line) contains mode-I and mode-III energies. The

ratio between mode-Ill and mode-I in the latter is about 0.8.

Similarly, Figure 3.13 shows the energy release rate coefficientq CT(a)

for delamination in the same two interfaces. The corresponding Ce(a) and

CT(s) curves for delamination in the 25/-25 interface (predominantly mode-Ilit)

are omitted because of their relatively small magnitudes.

From Figures 3.12 and 3.13, it can be seen that propagation of a flaw in

the mid-plane releases more energy than a flaw of same size propagating in the

-25/90 interface. However, whether or not a mid-plane delamination will occur

before a -25/90 interface delamination is determined by the specific delamina-

tion resistances GIC for node-I and G(l ' III)C for mixed-mode. As was dis-

cussed in Chapter 1, different cracking modes may mean different microscopic

failure processes, which In tir give rise to different nacroscopically

measured material energy release rates.

Dependence of G. on Delamination Modes. In several recent experiments on

graphite-epoxy composites [43 - 451, the total energy release rate rc for

mixed-mode delamination has been found to be gannrally grenter than -,, for

mode-I delamination. In f.ct, in one case the total rc for intce, minde crack

growth was found to [icrease with the rAtio Gl[/[ [451. Ftgure 1.14 shows

the measured total Gc for m[edi-mode (I and TI) delaminatton p.i)tt-i aq i
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function of GI/G I ratio (the material used was the T300/934 composite

system). It shows that the total Cc is always greater than GIC; and there

seems to exist a limiting value at large GII/G I . This limiting value may be

construed as the value of GIIC.

The reason for the dependence of the total strain energy dissipat-ed in

mixed-mode crack on the GII/G I ratio may be explainable at the microscale.

Some have attributed the increased energy to crack-tip natrix yielding tinder

shearing deformation [441; others attempted to explain it from the crack

surface morphology [431. Whatever the exact cause, the macroscopic Gc is

multiple-valued in mixed-mode crack growth. When used in the context of

Equation (3.4), it becomes necessary to know the GC1 /G1 ratio of the delamina-

tion growth, so as to select a proper value for Cc-total. For thi3 reason, a

functional curve for each material system, such as shown in Figure 3.14, must

be experimentally determined.

hiternative mixed-mode crack growth criteria have been suggested (see,

e.g. (461), requiring material resistances such as IIC and!or C11 1c. ut

many questions need to be settled concerniig both the eKisternce of and test

methods for measurIng 0I[C and r,1[10 as applied to delamination 1i couposite

laminates. For the tine being the criterion i Equation (1.3) will be used in

conjunction with a variable fracture toghness property, such as 1iplayed In

Figure 3.14 for the T300/934 system,. Ns further research clart[ies the maiy

uncertainties surrounding the problem of nixed-mode atrti cracking in cornpo-

sites, a more precise and direct delamtiation criterion lay be developed.

3.3 Illustratve Examples for Free Edge Delamiaatiton

In thts section, two eample problems will he dit3cisel. N].i are rel]t i

to free edge delamination. But, the loadlig fsctor 1,1d lim, ntion ge=onetry

factors will he vartei to see how good or bal tie pre3dicttve mo,del Is.
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4

[±25/90]a T300/934 Tension Coupon. Consider the [+25/90] s tension coupon

made of T300/934 discussed earlier. prediction can now be made as to which

interface an edge delamination will first initiate. If the fracture criterion

(3.4) is used in conjunction with the total Gc curve for mixed-mode delamina-

tion shown in Figure 3.14, It may be concluded definitely that free edge

delamination will occur in the mid-plane of the laminate coupon, based on the

calculated energy release rate curves shown Ii Figures 3.12 and 3.13.

As for the critical applied tension (ex)cr for the onset of the mid-plane

(node-I) delamination, assume that the effective Interface flaw has an initial

sie ao - 4t or larger. Then, the nrximum values of Ce and GC in Figures 3.12

and 3.13 are taken:

(ue)max 
= 29.6 x I0 q J/m 3

(CT)max 
= 4.0 J/n3 /c2

From Table 1I-I, use AT = 125°C., t = 0.066 mi in (lh = 227.5 J/n2 .

* Substituting these values Into Equations (3.3) and (3.4), it follows that the

critical laminate tensile strain (ex)cr at )nset of delamination shoili be

equal to or greater than,

(e,)cr , 6.17 x 10 - 3  (3.6)

This preliction ;agrees with the experi'neltil Findig report-1 in Rc re',i-

ces [321 and [411. Pour replicate spectinens were tested anv ilaini;t In

onset )cclirred at laminate stralin e trig From .I t) 6 .t x I-. The

average was ac 5.95 x

In pred .:tl(rig ),_,r in (3.6), 'i,- wns nsqs"I', , t) hi thl - ' t , 1 i ,

227.5 Ji/n 2 . 'Phi v l,1e rep)reqz its thie !Ipp er botri v l io F )r i ,.- I ,(

interface detuninntion, see Table ti-I. For ti e re: t ir-hr' , t I-t

_ .. . . _ Y ,,h'w,- {,',;, i £,' :' =': ',''" :, ' ' ' - " ,' , . _: .- .: .. ,: _:'3..
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GIC should be somewhat smaller. Then, the prediction and the experiment would

agree even closer.

Quasi-Isotropic Laminates Coupon Under Compression. To further illus-

trate the utility of the energy release rate method, consider the following

laminate coupons of different lamination stacking geometries: [902/02/_452]s,

r02/902L+45 219 and [(0/90)2/(+45)2]s. Note that these laminates are macro-

scopically identical in the elastic responses to in-plane laminate loading

except for the free edge effect. Specifically, the stacking sequence of each

laminate causes tensile interlaminar normal stress cz, shearing stresses rZz

and Tyz near the free edge under uniaxial compressive load. Of course, the

magnitudes of the free edge stresses will differ with the different stacking

sequences.

In Reference [421, laminates of these stacking sequences were made using

AS-3501-06 graphite-epoxy. Basic ply properties are given in Table I1t-I.

The Laminates were tested in room temperature under monotonic unlixial com-

pression. In all test cases, free edge delamination Li the laminate mid-plane

was recorded, see Figure 3.4.

Figure 3.15 shows the experimentally measured free edge delaminatton

growth plotted against the applied laminate compressive stress X for elch oF

of the three types of laminiate coupons. These delamination growth curves

indicate that anset of delamiiatton ii followed by ralattvely rapid growth,

and the growth may have prectitated localtzed ply buckling failure.

Note the onset load for delaminqtion. ks can be seen from Figure 1.15,

this varies with the laminate sticking sequence. The final failure load is

also affected by the stacking sequence factor.

In order to explain these observed differences, an edge str.ss Fieli

analysis was performed1 using the finite ele!ment routine. Figures 3.16 - 3.13
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show the isometric view of oz distributions on the coupon cross-section (first

quadrant section) for, respectively, [90 2/02/±4521, 102190 2/+45 21 and

[(0/90)2/(+45)2]s .  Similarly, Figures 3.19 - 3.21 show the shearing stress

TXZ for the same three coupon types. The other shearing stress, Tyz, is not

shown due to its relatively small magnitude.

From these edge stress displays, it appears that both the laminatoe mid-

plane and the 45/-45 interface are possible delamination sites. It Is not

immediately clear, however, as to why the onset loads For .lelamination shoull

be different, and why the delamlnation siteqs shoull !ll -. at the told-plane.

To answer these questions, an energy release rita analysi% was perforned.

The energy release rate coefficient Function WO(a) computed by 3ssutng an

interply effective flaw of sihe a. In the laminate mid-pline, and in the 451-

45 interface are shown respectively in Figures 3.2 and 3.73. The CT-curjes

due to residual ther-mal loading were neglected because of their sinall valijes.

The mid-plane delamination again contains purely mode-I action, while in

the 45/-45 interface it contains both opening (ode-I) and anti-plane shear

(mode-lIt) actions. The mi~ced-mode ratio GIII!qT varies from 0.1 to 0.3

amongst the three types of laminates, see Reference f421. The Ce-curves in

Figure 3.23, however, are for the t 'tal energy relense rate.

From the computed Ce-Curves, it can he inferred that node-I ('il-plane)

delamiantion should occur in all the three types of laminates. This i

because the computed Ce-curves for mid-plane delamination are all. higher than

the corresponding Ce-curves for delamination In the 45/-45 Interface plane.

In addition, for the ,atirial system used, (I is lower than mIxed-moie 'c

total, see Table lTI-I.

The actual onset loads ire predicted using the axinwir ;Sllleq oF thie

corresponding Ce-curves for mid-plane delamination. Ns was lone ti the

previous example, Eqiations (3.3) and (3.4) are used to predt,:t the 'nt;,1nui

10
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possible onset strain ex for each case considered. The results are as

follows:

Laminate Type Minimum ,9nset .o (= F. )

190 2/02/±45 21s -303 Mpa (-44 ksi)

[02/90 2/±45 2 ]s -352 Mpa (-51 ksi)

[(0/90)2/(t45)21 s -407 Mpa (-59 ksi)

The corresponding experimental loads are determined from Figure 3.15.

Because of the data scatter, load-ranges are obtained yielding, respectively,

290 - 310 4pa; 331 - 358 Mpa; and 400 - 427 Mpa. The predicted results are

within the experimental scatter ranges. In particular, the difference in the

onset loads caused by the difference in stacking sequences is alo correctly

predicted.

In the examples discussed in thLs section, the question regarding the

effective flaw size a. is treated indirectly. The assumption used is simply

that zlong the free edge of the laminat:, the interface flaw has a probable

size equal or greater than a.E (am is of the order of 4t or the layer thickness

in hich the assumed delamination is contained). In this 'anner, the predic-

tioni is made using the nmximum available energy release rate, vielling a ToAer

bound for the delamination onset hoad.

3.4 IPdo-Dimensional r)elaminatton (rowth

In the preceding sections, the ener,y release rate method has been

applied to describe a number of free edge delimtiation problems. The lami-

nat-s stuidied were so designed and loaded as t) t-iduce delamination without

si:7atFtcant intr ictons with other crackng ,zAoes. Furthermore, the delamf-

nation was either act-ially confined or theoretIe!ity assriel to :;ro: mvdwrnly

along the free edges of the test c:-,pomi. go, tt coill he treatid as i one-

%. .
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dimensional, self-similar crack growth problem. Under such circumstances, the

kinematics of the crack propagation is simplified and crack growth Is repre-

sented in a two-dimensional plane. The crack size then hag a linear magnitude

.a" and the propagation is simply along a line. This simplification niakes

possible a two-dimensional stress field solution in which the crack-tip energy

relense rate function GC-, a) is computed. Within the general confines of the

* classical fracture mechanics, the problem is treated, at least conceptnnlly,

without recourse to empirical formulisms.

Generally speaking, one-dimensional delamination growth in laminates is a

very special case, it can probably happen only under ideally controlled condi-

tions. 'lost of the delamination problems encountered in practice are caused

by laminate defects much more severe than free edges. The grawth of 4elainn-

tion near -2 local defect is almost always mixed-mode and multi-directional. in

na tire.

'For excample, consider thae laminnte with a through-hole shown in vtgiire

3.5. UJpon loading, localtzel detimination and other modes of matric cracking

are Induced near the curvilinear edge of the hole. in this case, the rtisult-

ing delamination crack front is actually a plane contour. Becaoiqet the :issacf-

atnd growth 13 two-dimensional, the progression of the crick must be rapresen-

ted both in terms of the listantaneo'is delamintation ari:i and t'he delami-nted

shape.

Clearly, this problem not o-nly requires a thr.:ba di-nensionail 3tre"Ss

analysis but also a t',jo-d im ns tonal fraictijre gro)wtht tri~itnelit. Amotig thep rj),,t

iffficult tA-3ks analytically are (1) how tro cilc',latl the c'rick Frotift 2 rh'r'Y

release rate !(7, a), in which a ics solne line contitir; 4ad (2) now t) s;(t 11) -1

fracture growtlh criterion appropriata For the IistintinioIs !11 1e-o~i

multi-directtonal crack growthi behavior.
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If the line contour of a local delamination is prescribed and its instan-

taneous growth shape assumed, the crack front energy release rate G(a, a) can

be calculated by a three-dimensional finite element routine t28]. Of course,

the calculated G(-o, a) remains as an effective, or averaged quantity in the

same context as discussed in Chapter 1, Section 1.5. As for a criterion

suitable for contoured crack propagation Ii a given plane, little iWformation

is available at the present time. So, rather than attempt a rigorous treat-

ment encompassing all these fundamental juestions, consider the following

example problem in light of the analytical developments thus far.

kn Example for Contoured Delamination. Earlier in Section 3.3, free edge

delaminations in three similar quasi-isotripic laminates induced by axial

compression were examined. In a related but separate experiment [421, one of

the laminate coupons, 102/902/±452]s, was fabricated with a pre-implantad

delamination in its mid-plane, see inset in Figure 3.24. The experimentil

*etails regarding the fabrication and test procedures were reported in Refer-

ence 1421. Figure 3.24 shows the test results in terms of the delamination

sie versus the applied laminate compression for specimens with and without

the implanted delamination. These laminates display strikingly different

growth behaviors. Specifically, the laminatns with tlie Unplant iinderweat

contoured delamination emanating from the corner of the isplant edge, while

the laminate without the inplant ixperienced more or less uniforn, one-

dinensional free edge delamtnatton ai i icussed before. The conitured growth

in the laminate with implant was covnparittvely slower and more stible; but its

early initiation arid gubseluent growth actually led t, preoat'jre Tamilatz

final failure.

In what follows, a predLctton will he attempted for the onset )F the

contiurad delamliation growth with the ati of the I-) finite eln.nt ftnul -

~ ->§ .>;K .9
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tion routine developed in [281.

But before proceeding with the growth simulation, it is useful to examine

the stress field near the implant at the coupon's free edge. For in this

region a severe stress concentration is present. The particular point of

interest is the interface corner where the implanted delamination intersects

the free edge of the test coupon. This point is labeled "interface corner" in

Figure 3.25.

Recall that laminates without the implant developed a tensile interlami-

nar az stress near the laminate free edge. The largest value of oz near the

free edge (acting on the mid-plane) was about 14 kpa (2 psi) per far-field

strain i, - -10- 6 ; see Figure 3.16. In contrast, for laminates with the

implant, the distribution of oz on the laminate mid-plane is shown in Figure

3.25, where the magnitude of oz near the "interface corner" is in the order of

60 kpa (4 psi). per -x - -10- 6 . In fact, o, at the point is theoretically

unbounded.

Since the implant is situated ii the laminte mid-plane, the initial

delamination growth is primarily of mode-I.

To predict the associated delamination onset, it is necessary to calcu-

late the crack-front strain energy release r:ite. &ssume that the expected

initial delaminatton will start from the rterface corner point and grow with

a certain known contiured front. Thi- gro)t'i contour is represented by a

prescribed sequence of nodal releases [i the Finite element mesh. specific-

ally, Figure 3.26(a) slhows the int-inded1 nodal. release seiueace that ,nicks

the delamination growth 1 a discrete fashion. The activil riiiber labeled for

eatch node represents the order of its releise.. In thi; mnner, the energy

release rate coefficient Ce c-n be coinpitel as a function of the del.Iia, t id

araA associaLed with the 7rescribed growt'i cont)ijr. This iq shown 11 FI7ijr-

3.16(b).

141
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It is seen that the delamination growth is most energetic along the

implant edge, represented by the nodes numbered 1, 2, 3, 5, 6, 9, etc. As the

delaminated area becomes larger, the available energy release rate becomes

smaller. This implies that the growth process is essentially stable, as

observed in the experiment.

To obtain a reasonable prediction, the maKiMum value of Ce in Figure

3.26(b) is used to calculate the onset load for delaminatton. In this case,

thermal effect on delamination is ignored as CT is relatively s1.all. Then,

the maximum strain energy release rate assoctated with the nr,?scrihed initial

delamination contour can be expressed as:

Gmax = (Ce)max (ex)2 (2t) (3.7)

where the value of (Ce)max corresponds to the release of node 6 in Figure

3.26(b).

Using Gc = 175 J/:n2  (1.0 in-lb/in 2 ) for mode-I delantnation along the

fiber Airection and 2t = 0.13 mm (0.005 in.) fron Table Il[-1, the calculated

minimum onset load in terms of the applied far-field str-in (e?) Es found to

be

(ex),ni = 2.39 x 1 - 3  (3.8)

For the laminate consti ered, the -aI-11 tiFfness Uq ; = 50.1 rpa (7.27

mat), so that the predictel (a intmum) onset far-fiell laminate qt,- ,s t-

-about

(-UX)mn = M 4pa (21.0 kst) (3.9)

This predicted valje Is almost the 1a-e as the eKpertment-l .)-3llv ,,tric-

ted from Figure 3.9.
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Up to this point, reasonable analytical rigor could be mairitahned. Rut,

what to do when the delamination growth becomes larger is not at ill clear.

Not only is the exact crack front unknown but the growth also becomes .tixe'-

mode.

3.5 Summary
p.

In this chapter, the basic mechanics of interply cracking has been

discussed from both an experimental and an analytical view point. Several

* examples belonging to the class of free edge induced delaminations were.1ere

studied by means of the energy release rate method in conjunction with a three

dimensional ply stress analysis. On the whole, the energy method is a useful

technique to describe some of the essential characteristics found experiment-

-ally in free edge delaminations.

The basic mechanisms of interply cracking seem to be more intricate than

* intraply cracking. Since an interply crack is propagating parallel (albeit

macroscopically) to the laminate plane, the applied in-plane load required to

propagate an interply crack is usually higher than that required to propagate

an intraply crack. For this reason, interply cracking almost always InteractR

with other matrix cracking events in practical cases.

Even in the special case of free-edge delamination, such as those

-* examples st.udied in thia chapter, one cannot always create a pure delamination

- growth without concurrent Interactions with other cracking modes. To model

such interactions would necessarily add uncertainties both i, physical reason-

Ing and in analytical nodeling.

An equally troublesome :ispect in the ,|elaminat'n problem is the liei oF A

suitable mixed-mode growth criterion. lecause of the iaotroptc twir- of

the composite plies, an titirfice crack wooli always propa-it- In tmlrnI-noe.

And, for the same reason, the rvit !ral reslzstiIce :1',-lt-qt crick pr)paitlon

.,..
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also depends on the ply geometry (e.g. fiber orientations) as well a s the

particular voicrostructures that exist on the Interface.

411 these difficulties msake it seemingly impossible to treat the problem

on a muore rigorous basis. Nonetheless, further analytical developments remain

promising. ks will be demonstrated in the next chapter, the energy-

release-rate method, as outlined here, continues to provide a reasonable

analytical description for matrix crack interacttons that emerge ait 'igher

applied load levels.
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TABLE 111-1

Material Constants Eor AS-3501-06 Unidirectional Ply*

Property SI Unit English Unit

ELL 140.0 Gpa 20.4xl0 6 psi

ETT, Ezz 11.0 Cpa 1.6x10 6 psi

LT, VIz 0.29 0.29

' VTz 0.3 0.3

G GLT , CLz 5.5 Gpa O.jKI0 6 psi

GTz 3.5 Gpa O.9xl06 psi

2g.gxloV6/oG(IT, *z 2BSO-/ 16.10-6/°F

al  0.36.I0-6/oC 0.?x10-6/OF

OL, long, tensile strength 1325 mpa 190 kst

cT, trans. tensile strengt1 50 mpa 3.6 ksi

2t, nominal )ly thickness 0.132 mm 0.0052"

AT, temperiture drop 155*C 310 0 F

GC (0/0 intirface)** 175 I/:n2  1.0 in-lh/iI 2

"lc (90/90 interface)** 223 .,/n2  1.3 Pl-lb/in -

*Data t-ke-i From Reference (421.
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Figure 3.7 X-Radiograph of Post-Impact Damages in a 48-Ply
* Quasi-Isotropic Laminate.
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G(a,ix)

ama

Figure 3.8 Typical Behavior of Energy Release Rate for Edge
Delamination.
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Figure 3.9 Load-Flaw Size Relationship for Edge Delamination
Based on Griffith Type Fracture Criterion.
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Figure 3.25 An Interface Plane View of cz Distribution in the

102/902/-+4521, Compression Coupon With the Implant.
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Figure 3.26 The Proposed Initial Delamination Nodal Release
Sequence (above) and the Computed Energy Release
Rate Coefficient Ce(A).
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CHAPTER IV. ANALYSIS OF LATE-STAGE MATRIX CRACKING

4.1 Matrix Cracks at High Load Levels

From the analysis in the previous chapters, it may be concluded that

matrix damage begins generally with the formation of intraply cracks in the

secondary or non-loading plies. In one example discussed in Chapter II, the

cross-ply 10219041s laminate suffered sporadic transverse cracks in the 90 ° -

plies at laminate strains as low as 0.2% to 0.3%. Since many laminates

designed for practical usage can reach ultimate tensile strains in excess of

1%, early stage intraply cracking in the secondary plies is often tolerated as

benign service-related defects.

In some instances, interlaminar -natriK cracking in the form of Jelamina-

tion can occur before intraply cracking. Such occurrenc.s are mostly confined

to localized areas, such as ,iear the laminate free edges, around man-made

notches or at the leading edges of internal damages, where high concentration

of interlaminar stresses Is present.

In any e-vent, both types of matrix cracking are undesirable from' the

laminate reliability and durability viewpoint. This is because rvatriK cracks

in secondary plies can precipitate matrix cracks into the loanf-carryIng nlies,

under either monotonically increasing or cyclically applied loads.

In the cross-ply laminat.s discussed ta Chapter TI, for instu,-e, trans-

verse cracks in the 0O 0-pliis did not seem to affect the structiral perform-

ance of the laminate until about 1)% the ultimate load 1381. Towar.1 the late-

stage of loading, however, in-ply matrix splits i- the 0*-plieq wer-! Founi

throughout the interior )f the laminites. The splits are orient;t,,l parillel

to the applied tension aid cross-over the ' 0)'-ply trinsverse crackq th it

formed early. As soon as a I'-ply split formed and crossed over : T)-nlv

transverse crack, localized delaml-daton ii the 0/9)O interface was founl near

129

'. . .. . A.. ' .. ...- - . . . . • . . .. . ..



NADC-85118-60

the crossing. Subsequent rapid propagation of many of the cross-cracks

induced delaminations eventuated a massive 0/90 interface separation. This

event was followed almost immediately oy catastrophic failure of the 0*-plies.

The last failure event involved fiber breaking in the split 00-plies. Figure

4.1 shows a sequence of x-ray photographs that illustrate the matrix cracking

proliferation process of a [02/9031s laminate during its late-stage loading.

These photographs clearly demonstrate that -atrix cracks in non-loading plies

can become detrimental to the load-carrying plies at high load levels.

Laminates of more practical lay-ups suffer similar late-stage matrix

cracking, though the sequence of events may not be the same [471. Experiments

using small coupons confirmed that late-stage matrix cracking patterns are

usually generic to the lamination geometry (stacking sequence, ply thickness,

etc.) and the nature of loading [47, 481. The same factors that -re important

in the early-stage matrix cracking continue to play a dominate role during the

late-stage matrix cracking.

The objective of this chapter is to teivestigate some of the basic mechan-

isms associated with late-stage matrix cracking. The basic macromechanics/ply

elasticity approach discussed in the previous chapters i4 followed. Since the

cracks concerned involve three dimensional and localized stress Fields, the

finite element routine developed in Reference [29] is employed in the

analysis.

In order to achieve a cohesive discussion, emphasizing mechanisms rather

than the analysis method, a specific family of laminates will he analyzed.

Namely, the T300/934 tensile coupons D02/9Ons, n - 1, 2, 4 are investtagatCed

again for late-stage matrix cracking. A complete docamentition of damage

accumulation up to Final laminate Failure is availabla in Reference T381; so a

comparison bst4een the analysis and experiment c a be made.
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4.2 Stress Field Near a Transverse Crack Terminus

Consider again the [02/90n]s laminate coupon series under monotonic axial

tension. Transverse cracks in the 90*-plies are formed during the early-stage

loading. The effect of these cracks on damage development during the late-

stage loading can be qualitatively studied by examining the behavior of the

stress fields near the transverse crack termini.

Figure 4.2 shows a tensile coupon which already suffered 900-ply trans-

verse cracks. For the purpose of presentation only, consider the section of

the laminate that contains only one transverse crack. Due to lamination

symmetry, only one-eighth of this section needs to be modeled, see Figure 4.2.

Details of the finite element sizing, mesh generation and other computational

aspects are found in Reference [281 and will not be discussed here.

The computed stress field near the transverse crack terminus is complex,

but the stresses can still be separated in two groups. The first group

consists of the interlaminar stresses GZ, TXZ and Tyz acting on the 0/90

interface. These stresses are responsible for delaminatton. The second group

consists of the in-ply stresses ax, ay and Txy acting in the 0°-plies. These

stresses may cause matrix damage In the 0-ply, such as length-wise splitting,

*, as well as fiber breaking.

Interlaminar Stresses. Figures 4.3 to 4.5 show, respectively, the inter-

laminar oz, rxz and ryz distributions on the 0/90 interface. In each display,

the x-y plane coticides 4ith the 0/90 interface; the x-axis cotictles with the

free-edge of the coupon, while the loci of the traisverse crack termiius Fall

on the y-axis. One of the corner points libeled in Figure 4.? iq located at

the x-y origin.

In each display, stresses for the [02/0021s an1 [02/9041s coupo, ire

shown. The nagnitude of the stresses is due t, an ipplied lmiin-t strill

ex - I wie. It is noted that the tintrlaminar stress fields fnc -1 2 and
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n - 4 show similar distributional features, but with noticeable difference in

magnitudes and in areas of concentration. In particular, the interlaminar

normal stress Oz is tensile in both cases, concentrated along the x and the y

axes. This peculiar distribution is effected by both the free edge and the

transverse crack in the 90*-layer.

The tensile az and the shearing stresses TXZ and ryz could cause delami-

nation in the 0/90 interface, emanating from the corner point and growing into

a delta-shaped contour as illustrated in Figure 4.6. 4n analysis of that

problem will be presented in the next section.

In-Plane Stresses in 0-Plies. As for the in-ply stress group - ox, ay

and rxy, especially those existing in the 0-plies, their intensities are also

affected by the presence of the Free edge and the transverse crack.

First, consider the distributional characteristics of these stresses in a

plane parallel to the 0/90 interface, or the x-y plane. Figures 4.7 to 4.9

show, respectively, x, ay and Txy distributions in the 0-ply near the 0/90

interface. k severe stress concentration occurs near the transverse crack

terminus and a less severe concentration occurs along the free edge in RII

cases. The 90*-layer thickness, or the value of n, is seen to Influence both

the stress concentration intensity and the size of the stress concentration

zone.

Of the three tn-plane stresses, the tiagnltide of Ty in Figure 4.9 is

relatively small, though its distributtonal behavior is quite dramatic near

the corner point. However, o and especially oy, magnified significantly by

the presence of the transverse crack, will cauise damage In the 0°-ply. In

particular, both stresses are In tension throughout the fiell an] each can

cause a different mode of failure of the 00 -ply.

The thernal resilual stresses due to thermal miiatching of the 00 and

900 plies are also significant. For reasons of brevity, they are not shown,
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but their distributional features are similar to those displayed in Figures

4.3 to 4.5, and 4.7 to 4.9. When coupled with the applied load, the role of

the thermal stresses in matrix damage development cannot be ignored.

The distributional behavior of ax and ay in the 0*-layer near the trans-

verse crack terminus cannot be fully revealed by displays such as Figures 4.7

and 4.8. Both stresses also vary dramatically throughout the thickness of the

0-layer.

Figure 4.10 shows the ox distribution in the 0*-layer thickness above the

transverse crack terminus (see figure inset). Note that the part due to the

applied tension, ex = 1 pe, is tensile throughout the thickness and is highly

concentrated approaching the 0/90 interface. The part due to thermal cooling,

AT = -10F, is compressive, except near the transverse crack root region where

it becomes tensile with significant magnitude. The combined 0 . near the

transverse crack terminus region displays varied degree of concentration,

deDending on the thickness of the 90*-layer in which the transverse crack is

situated.

It is apparent that concentrations of (1 near the transverse crack sites

may have a profound effect on the breaking strength of the 0°-ply fibers.

Several recent experiments [47, 431 found broken fibers In the r0 -plies at

locations where adjacent 90-ply transverse cracks had occurred.

Figure 4.11 displays a simllatr distribution for Oy, which is an in-plane

stress normal to the fibers of the 0'-ply. It is seen that the part oF jV due

to ex - I e and the part due to AT = -I°F arre both te-nsile throu-hot the

thickness of the 0'-layer. 9oth are alnified ii intensity nenr the 11) 0-ply

transverse crack terminus. The -near-field, oy distribution is seen t- "sry

again with the q0-p]y thickness or the value )f n. The h1-h tensile -tress

is capable of causing matrix cricks in the 0 0 -1ivr in thp forn oF lonjitudi-
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nal splits. The splits occur in much the same manner as the 90*-vly trans-

verse cracks discussed in Chapter 11.

4.3 Demage Modes Effected by Transverse Cracks

From the preceding section, it may be summarized that the presence of

transverse cracks in the [02/90nls laminates can cause three possible damage

modes, all of which are localized near the transverse crack termini. Of the

three possible modes, the 0/90 interface delamination and the 0°-ply longitu-

dinal splitting are matrix-dominated cracks, while 0°-ply fiber breaking is

something different fundamentally. The subject of fiber breaking requires a

different theoretical treatment and is outside the scope of this discussion.

P Hence, only the localized delamination and 0°-ply splitting are analyzed in

this section.

Onset of Delamination at Transverse Crack Terminus. The physical reason

for delamination at i transverse crack terminus is quite clear. The major

stresses causing delamination in the 0/90 interface are the concentrated

tensile az and shearing Txz. The other shear stress tyz appears to he negli-

gible, see Figures 4.3 to 4.5. These stresses attain their highest iagnitude

at the corner point where interactions take place between the transverse crack

and the frei edge, see Figure 4.6. Thus, if a delamination is to occur, it

would probably start from this point and propagate into a plane contour as

shown in the figure.

En order to make a prediction for the onset and the growth behavior of

the contoured delamination, a small interface effective flaw will aiti be

assumed, located near the corner point. This assumption is in accordanc9 with

the effective flaw concept t13cussed earlier. Then, under the anolied

tension, the assumed flaw starts to propagate and becomes i local lelamini-

tion. Following the energy release rate methodology outlined before, the
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growth of the crack front can be mimicked by a sequence of nodal-point

releases (Figure 4.6) in the finite element net-work, shown in Figure 4.2. As

each finite element node is released, the corresponding delamination area as

well as the strain energy lost can be approKimately computed (for details, see

References [281). In this manner, a relationship between the delaminated area

and the strain energy release rate is obtained for the assumed delamination

grow th.

Figure 4.12 shows the computed energy release rate coefficient Ce (for

ex - 1) plotted against the assumed delamination area contour for the

102/9021 s laminate. Note that Ce consists of all three modal components of

cracking. In this case, the mode-I (z) component is slightly larger than the

mode-lI (y) component, while the mode-IlI (x) component is negligible.

Figure 4.13 shows the CT coefficient for the laminate subjected to

AT - -1*F (or -0.65*C). The general character of CT and its three modal

components of cracking are similar to those of Ce. The calculated Ce and Cr

coefficients are based on the assumed nodal release sequence (shown ii Figure

4.6), which may not be the best representation for the actual delaminatiton

growth. But, the general trend of these coefficient functions indicates that

the initial delamination growth is basically stable, as is the case obser-

ved in experiment.

Now, assume that the starting sixe of macroscopically observable delami-

nation is about 4t2 (where 2t is one ply thickness) so that then sich a delam-

Ination i induced, it defines the onset of the contoured delaminatton. Then,

by taking the values of Ce and Cr from Figures 2.12 and 2.13 at k/t? - 4, the

total energy release rate G(ex, AT) can be computed via Equation (3.3). Let,

as before, AT - 125*C and Gc = 239 J/n 2 for lnihedi-mode crack growth, see Table

Il-I. It follows from Fquitton (3.4) that the predicted thresholI tensile
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strain for the onset of the contoured delamination for n - 2 is:

(Gx)de - 11.0 x 10- 3  (4.1)

Similarly, the computed Ce and CT coefficient functions for [02/9041s are

shown in Figures 4.14 and 4.15, respectively. It is seen that the values of

Ce and Or are significantly increased as a result of doubling the number of

the 90*-plies. Consequently, the predicted threshold strain for onset of the

assumed contoured delamination in this laminate is:

(ix)de - 7.8 x 10 -  (4.)

Since the breaking strain of the 00-ply is normally at about 10 x 10- 3 ,

it way be inferred that the assumed contour delamination would not occur in

the 102/9021s laminate, but would occur in the 102/9041, laminate.

Indeed, in the experiment reported in Reference 1381, no such delamina-

tion was detected until after laminate failure in 102/901s and 102/9021,. For

102/9041., however, delta-shaped delaminatton were found at laminate strain

about 7.5 x 10- 3 . This compares closely with the predicted value tn (4.2).

Onset of 00-Ply Splitting. As was discussed in the previous section, the

basic mechanisms in 0°-ply splitting are much the same as in 90°-ply trans-

verse cracking. However, the normal-to-the-fiber tension, ay, in the 00 -ply

is more concentrated near the transverse crack terminus. In addition, Rlong

the length of the laminate such concentrations occur periodically, coinciding

with the regularity of the 90°-ply transverse cracks. This makes it difficult

to predict how a O*-ply split initiates.

Let it be assumed that in effective in-ply flaw in the O°-ply exiqts and

lies fiber-wise in the ply. Then, the growth conditions for the effective

flaw can be formulated based on the same concept of energy release rate. ks
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in the case of the 90 °-ply transverse cracking, the size of the assumed effec-

tive flaw is not known. But, by computing the maximum possible energy release

rate available along the growth path of such a flaw, a minimum possible onset

load for the flaw growth can be obtained. The actual computational procedure

is identical to the transverse cracking cases discussed in Chapter 11; there-

fore, the details of the computation will be omitted here. Instead, only the

final results will be given. Namely, longitudinal splits in the interior of

the 0-ply will probably occur over the transverse cracks when the applied

tensile strain e exceeds the following critical values:

for n = 2, (x)s p = 10.5 x 10- 3  (4.3)

for n - 4, (*(;X)sp = 7.8 x 10- 3  (4.4)

According to this prediction, V)-ply splitting cannot occur in the

[02/9021s before laminate failure; but -my occur in the [32/90 41, laminate

because the approximate threshold breaking strain for 0*-ply fiber is about

10 K 10- 3 .

Note that the threshold strain for 0*-ply splitting in the 132/9041s

laminate is about the same as the threshold strali for the 0/90 delaminations

induced near the transverse crack/free-edge corner points, see Equation (4.?).

Or, these two types of matrix cracks may occur at the same load level. Thig

was actually observed ii the 102/9031s laminates shown In Figures 3.6 and 4.1.

In Figure 3.6, local delaminations occurred near the Free edge, while in

Figure 4.1 0*-ply splits occurred in the iaterior; both types of matri crack-

ing occurred at about the same applied load level. In the eAperiment reported

in (381, longitudinal splitting was also found t' 102/9021, at the limfiate

strain of 9.2 x 1r- 3, while in 102/904]s at the laminate strains of less than

g x 10- 3 . These numbers are in general agreemet with the predictions in

Equations (4.3) and (4.4).
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4.4 Delamination at Two Crossing Cracks

When a splitting crack is formed in the 0°-ply, it makes a cross with the

transverse crack in the 90°-ply as illustrated by Figure 4.16. In the close

vicinity of the crossing point, a severe stress concentration is developed.

Both interlaminar and in-plane stresses are present. The interlaminar

stresses in particular will cause localized delamination such as shown by the

shaded area in Figure 4.16. (See also Figure 4.1.)

Figure 4.17(a) shows the 0/90 interface plane, with the x-axis parallel

to the 0*-ply split and the y-axis parallel to the 90*-ply transverse crack.

The axis origin is the intersection point of the two crossing cracks.

The stress field near the intersection point is highly amplified. In

particular, the interlaminar normal stress oz is tensile due both to the

applied tension and thermal cooling.

To determine the threshold condition for delamination caused primarily by

the interlaminar stresses, a crack growth simulation is performed using the

same finite element nodal release procedure. The simulated delamination

follows the nodal release sequence shown in Figure 4.17(b). The point-

by-point energy release rate coefficients Ce and CT are shown in Figures 4.1

and 4.19 for 102/9021s and in Figures 4.20 and 4.?1 for 102/1041s, respective-

ly.

From the energy release rate coefficient curves, it is apparent that the

behavior of the delamination i miKed-mode. The tntAl energy release rite

slightly decreases with the delaminated area 4, Indicating a stable 7rowth

behavior at least initially.

Comparing the four energy release rata curves with those shown Ii Ptv(ures

4.12 to 4.15, a close similarity Is seen between the delamination occurrln it

the crossing cracks and at the transverse crack/free-edge corner qotitq.
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However, the calculated energy release rate for delamination at the cross

cracks is slightly higher.

Using the same procedure as before for the threshold strain at onset of

delamination, the predicted laminate strains are as follows:

for n - 2 (-ex)de = 10.q x 10- 3  (4.5)

for n - 4 (ex)de = 7.5 x 10- 3  (4.6)

This shows that delamination at the cross cracks occurs at about the same

load as the 0-ply splitting. Experimentally, however, the splitting occurred

first, while the delamination followed immediately 1381. Since the analysis

involved considerable approximations, both in numerical computation and in

setting the threshold conditions for flaw growth, the close agreement achieved

between the prediction and experiment was rather surorising.

From these results, the energy release rate concept coupled with the

effective flaw postulate is shown to be useful in predicting a threshold load

for matrix cracking that takes place at high loads.

4.5 Effects of Matrix Cracking on Taminati Strength

As has been shown, -matrix cracks and crack interactions in laminates can

occur in multiple plies under high loads. These cracks may severely reduce

laminate strength if the laminate's internal microstructure (e.g. ply stacking

sequence) allows them to grow, either by self-propagation or by mutlial coale-

scence. For example, matrix cracks in off-axis plies, such as 'O0 -ply trans-

verse cracks, are initial laminate damages. In time, or at high loads, thse

cracks cause secondary matrix cracks ii the lIad-carryinj plies which tricer

catastrophic laminate failure. Since matrix crackinF, Is influenced greitly by

the lamination geometry, material system and loading environment, even i

qualitative understanding of their inter-relationships i- tisef,l for optimri
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laminate design. It is shown here that these factors can be explicitly

accounted for in the predictive models. In the examples presented, it seems

that the energy method can be an effective means to analyze certain matrix

cracking processes and their contribution to the final failure of the load-

carrying plies.

Up to now, most practical design analysts have ignored the detailed

matrix cracking patterns in the off-axis plies. They assume that all loads

will eventually be taken by the 0°-plies. This practice Is typified by the

so-called discount method, which ignores any internal crack interactions.

Such approximation techniques may over-predict the laminate strength.

Ultimate failure in laminates occurs when the Fibers are broken. Matrix

cracks precede and influence this process. 4ence, a predictive model for

fiber breaking should include the influence of matriK cracks. ks fiber

strength modeling was outatde the scope of this effort, it is only proper to

point out here that the mechanisms of fiber breaking and matrt cr4cktng must

be merged to provide a complete description of the laminate failure process.
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Figure 4.2 Finite Element Model for [0/901, Laminates Containing

Transverse Cracks.
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Figure 4.7 ax Distribution in the 0*-ply Near 0/90 Interface.
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Figure 4.17 (a) Plane of Delamination at a Pair of Cross-Cracks.

(b> Nodal Release Sequence for Simulation.

153

-. ,.j* D. **'.~**- ~ * , ~ *g



NADC-85118-60

C-

co

10
N X

Cd)

co

--
Sm

L0

,--4

C.)

1.5-4

ca

0

00)

-A

1544



* NADC-85118-60

0

'C

0

C%4 jj

Q))

0

CCjtj

CD W.

CO

C-4 C',

r.C)

IOD to

to

/5



NADC-85118-60

cmJ

pr)U

-)K~

2-i

* (Q)

-5U-4
1LW

o co
a'a

oo >1

.1 0%

0

Q)

-- 4~

156u



NADC-85118-60

0 0,

400

~,D

4-
K)t

0

-H

1574



NADC-85118-60

REFERENCES

[I] Harrison, R. P. and Bader, M. G., "Damage Development In CFRP Laminates
Under Monotonic and Cyclic Stressing," Fibre Science and Technology,
Vol. 18, 1983, pp. 163 - 180.

[21 Zweben, C., "Fracture Mechanics and Composite Materials: A Critical
Analysis," in Analysis of the Test Methods for High Modulus Fibers and
Composites, ASTM STP 521, 1973, pp. 65 - 97.

[31 Pagano, N. J., "Exact Solutions for Rectangular Bidirectional Compo-
sites and Sandwich Plates," Journal of Composite Materials, Vol. 4,
1970, pp. 20 - 34.

[41 Hashin, Z., "Theory of Fiber Reinforced Materials," NASA CR-1974, March
1972, pp. 11 - 37.

S

151 Tsai, S. W. and Hahn, H. T., "Introduction to Composite Materials,"
Technomics, Westport, CT, 1980.

[61 Whitney, J. M., Daniel, I. M. and Pipes, R. 1., "Experimental Mechanics
of Fiber Reinforced Composite Materials," Society for Experimental
Stress Analysis, 1982.

[71 Flaggs, D. L. and Kural, M. H., "Experimental Determination of the In-
Situ Transverse Lamina Strength in Graphite Epoxy Laminates," Journal
of Composite laterials, Vol. 16, 1982, pp. 103 - 116.

[81 Phoenix, S. L., "Statistical Aspects of Failure of Fibrous Materials,"
in Composite Materials: Testing and Design, 5th Conference, AST4 STP
674, 1979, pp. 455 - 483.

191 Wang, A. S. D. and Crossman, F. W., "Initiation and Growth of Trans-
verse Cracks and Edge Delamination in Composite TAminates: Part 1. An
Energy Method," Journal of Composite Materials, Vol. 14, 1980, pp. 71 -
87.

[101 Crossman, F. W., Warren, W. J., Wang, A. S. D. and Law, G. E., "Initia-
tion and Crowth of Transverse Cracks and Edge Delamination in Composite
Laminates: Part 2. Experimental Correlation," Journal of Composite
Materials, Vol. 14, 1980, pp. 88 - 106.

[111 Wang, A. S. 0., "Fracture Mechanics of Suhlaminate Cracks in Composite
Laminates," in Characterization, Analysis and Significance of Defects
in Composite Materials," Conference Proceedings 355, NATO ACARD,
London, 1q83, pp. 15 1 - 19. Also in Composite Technology Review, Vol.
6, No. 2, 1984, pp. 45 - 62.

(121 Wang, A. S. D., Chou, 0. C. and Lei, 1. C., "A tochastic Model for the
Growth of MatrtK Cracks in Composite Lamin-ateg," in Advances in \erO-
space Structures, Materials and Dynamics, ASME, AD-06, 1913, pp. 7 -

16. Also in Journal of Composite Materials, Vol. 19, 1984, pp. 23) -
254.

15



NADC-85118-60

[131 Wang, A. S. 0., Slomiana, M. and Bucinell, R. B., "A Three Dimensional
Finite Element Analysis of Delamination Growth in Composite Laminates
Part I. The Energy Method and Case Study Problems," NADC-84017-60,
Naval Air Development Center, Warminster, PA, 1983.

[141 Bucci, R. J., Paris, P. C., Landes, J. D. and Rice, J. R., "J-Integral
Estimation Procedures," in Fracture Toughness, Part II, ASTM sTrP 514,
1972, pp. 40 - 69.

[15] Irwin, G. R., "Fracture Dynamics," in Fracturing of Metals, American
Society of Metals, Cleveland, OH, 1948, pp. 147 - I.

[16] Bradley, W. L. and Cohen, R. N., "Matrix Deformation and Fracture in
Graphite Reinforced Epoxies," paper presented to AST4 Symposium on
Delamination and Debonding of Materials, Pittsburg, PA, November 1983.

[17] Cullen, T. S., "Mode-I Delamination of Unidirectional rraphite Epoxy
Composite Under Complex Load Histories," M.S. Thesis, Texas A & 4 Uni-
veristy, College Station, Texas, 1981.

[18] Williams, D., "Mode-I Transverse Cracking in an Epoxy and a Graphite
Fiber Reinforced Epoxy," M.S. Thesis, Texas A & M University, College
Station, Texas, 1981.

119] Griffith, A. A., "The Phenomena of Rupture and Flow in Solids," Phil.
Trans. Royal ociety, Vol. 221, 1920, pp. 163 - 198.

1201 Cherepanov, G. P., "Mechanics of Brittle Fracture," (English Transla-
tion), McGraw-Hill, New York, 1979.

[211 Sih, G. C. and Erdogan, F., "Stress Intensity Factor: Concept and
Application," in Linear Fracture - lechanics, Envo Pub. Co., Lehigh
Valley, PA, 1975, pp. 85 - 106.

[221 Irwin, G. R., "Fracture," in Handbuch der Physik, Vol. 5, Springer-
Verlag, Berlin, 1958, p. 551.

1231 Williams, M. L., "On the Stress Distribution at the Base of a Station-
ary Crack," Journal of Applied Mechanics, Vol. ?4, 1957, pp. 109 - 114.

1241 Wang, S. S. and Choi, I., "The Interface Crack Behavior of Dissivilar
Anisotropic Composites Under Mixed-lode Loading," Journal of Applied
Mechanics, ASME, Vol. 50, 1983, pp. 178 - 133.

1251 Knowles, J. K. and Sternberg, E., "On the Singularity Induced by
Certain Mixed Boundary Conditions in LTinearized and Non-Linear Elast,-
statics," International Tournal of Solids and Structures, Vol. II,
1975, pp. 1173 - 1201.

1261 Delale, F., Wang, A. S. D. and Binienda, '., "On the Strati Energy
Release Rate for a Crack at the Interface of Two Bonded Nateriql3," in
Advances in Aerosace Sciences and Enlineering, ASME, AD-OS, December
f98lWpp. 113 - 120.

159



NADC-8S118-60

[271 Rybicki, E. F. and Kanninen, M. F., "A Finite Element Calculation of
Stress Intensity Factors by a Modified Crack Closure Integral," Engin-
eering Fracture Mechanics, Vol. 9, 1977, pp. 931 - 938.

[281 Wang, A. S. D., Kishore, N. N. and Li, C. A., "A Three Dimensional
Finite Element Analysis of Delamination Growth in Composite Laminates.Part II. The Computer Code, KSAP, User's Manual," NADC-84010-60.

Naval Air Development Center, Warminster, PA, 1983.

[291 Ejeletich, J. G., Crossman, F. W. and Warren, W. J., "The Influence of
Stacking Sequence on Failure Modes in Quasi-Isotropic Graphite-Epoxy
Laminates," in Failure Modes in Composites-IV, AIME, Chicago, 1979.

(30] Pipes, R. B. and Pagano, N. J., "Interlaminar Stresses in Composite
Laminates Tinder Uniform Axial Extension," Journal of Composite Mater-
ials, Vol. 4, 1970, pp. 538 - 548.

[311 Wang, A. S. 9. and Crossman, F. W., "Some New Results on Free Edge
Effects in Symmetric Composite Laminates," Journal of Composite 'ater-
ials, Vol. 11, 1977, pp. 92 - 106.

[321 Wang, A. S. 9. and rossman, F. 14., "Fracture !echanics of Sublaminate
Crack," AFOSR-TR-83-0594, Air Force Office of Scientific Research,
Washington, DC, 1983.

1331 Chou, S. D., Brockelman, R., 11roz, A., Hlinton, Y. and Shuford, R.,
"Analytical and NDE Techniques for Determiining Crack Initiation in
Graphite-EpoKy Laminates," AST4, Symp. Effect of Defects in Composite
Materials, San Francisco, 1982.

[34] Juvinall, R. C., "Stress, Strain and Strength," Mcrraw-!Iill, 4ew York,
1967, p. 67.

1351 -aniels, 11. E., "Statistical Theory of the Strength of 9undles of
rhreads-l," Proc. Royal ociety of London, eries A, Vol. lq3, 1945.

1361 Chou, P. C. and Croman, R., "Certtftcation of Composite Aircraft Struc-
tures Under Tinpact, Fatigue and Enuironqental (ond1tions. IT. Scale
Effect in Fatigue of Composite ManterIals," NkDC-79259-60, Navil Nir
Development ,enter, Warninster, PA, 1)73.

1371 Wang, A. S. D., "Growth Mechantims of Transverse Cracks and Ply rDelami-
nation ii Composite TLninates," Pr,)ceerlii,-s of ICC'-111, Vol. 1, Paris,
1910, P. 170 - 193.

[381 Crossman, F. W., arren, '4. i. inI Wan,, *. S. )., "Tnftuiic of Dl',

Thickness on Da,,ag, Acc-ii'iltton ail F1inal Faillre," in Adv. Aer.i)pace
Structures, Material; aind 'ynamics, ASME Af-06, 19,13, Po. ?1i -

1391 Pagano, N. J. and Pipei, R. R., "The Influence of Stackinr ";e',uei-e on
TAminate Strennth," Jouri;i1 of Composite atertalq, Vol. 5, 1971, nn.
50 - 57.

160

V. '.. *. ,. ; '- *, . . ' .X -* .* . " ** "'.2-G '-"-',,-; i,, - . . . *. ) ;-'.;'.; . ' - ..- i "'. ' """



NADC-8S118-60

[401 Rodini, B. T. and Eisenmann, J. R., "An Analytical and Experimental
Investigations of Edge Delamination in Composite Laminates," in Fibrous
Composites in Structural Design, Ed. E. M. Lenoe, et. al, Pleum Press,
New York, 1973, pp. 441 - 457.

1411 Crossman, F. W. and Wang, A. S. D.," The Dependence of Transverse
Cracking and Delamination on Ply Thickness in Graphite-Epoxy Lami-
nates," in Damage in Composite Materials, ASTM STP 775, 1982, pp. 118 -
139.

[421 Wang, A. S. 0. and Slomiana, M., "Fracture Mechanics of Delamination-
Initiation and Growth," NADC-79056-60, Naval Air Development Center,
Warminster, PA, 1982.

1431 Vanderkley, P. S., "Mode-I and Mode-TI Delamination Fracture Toughness
of a Unidirectional Graphite-Epoxy Composite," M.S. Thesis, Texas 4 & M
University, College Station, Texas, 1981.

[441 Wilkins, D. J., Eisenmann, J. R., Camin, R. 4. Margolis, W. S. and
Benson, R. A., "Characterizing Delamination Growth in Graphite-Epoxy,"
in Damage in Composite Materials, ASTM STP 775, 1982, pp. 168 - 133.

[451 Wang, A. S. D., Kishore, N. N. and Feng, W. W., "On Mixed-Mode Fracture
in Off-Axis Unidirectional Graphite-Epoxy Composites," Proceedings of
ICCM-IV, Vol. 1, Japan Society for Composite Materials, Tokyo, Japan,
1982, pp. 599 - 606.

1461 Russell, A. J. and Street, K. N., "Moisture and Temperature Effects on
the Mixed-Mode Delamination Fracture of Unidirectional Graphite-Epoxy,"
in Delamination and Debonding of Materials, ASTN STP 376, 1935, pp.

[471 Relfsnider, K. L., Stinchcomb, W. W., qenneke, E. G. and Duke, J. C.,
"Fatigue Damage-Strength Relationship in Composite Laminates," AFWAL-
TR-83-3804, Air Force Wright Aeronautical Laboratories, Ohio, 1q83.

[481 Jamison, R. D. and Reifsnider, K. L., Advanced Fatigue ramage Tevelop-
ment in Craphite-Epoxy Laminates," AFWAL-TR-832-3103, Air Force Wri.:ht
Aeronautical Laboratories, Ohio, 1982.

161



S

DISTRIBUTION LIST (Cont'd.)
REPORT NO. NADC-85118-60

AIRTASK NO. WRO 2303001

No. of Copies

UNIVERSITY OF OKLAHOMA, Norman, OK 73019
(Attn: Dr. C. W, Bert, School of AMNE) ...................................

UNIVERSITY OF WYOMING, Laramie, WY 82017
(A ttn: D r. D . A dam s) ....................................................

VILLANOVA UNIVERSITY, Villanova, PA 19085
(Attn: Dr. P. V. M cLaughlin) ..............................................

VIRGINIA POLYTECHNIC INSTITUTE, Blacksburg, VA 24061
(Attn: D r. K. Reifsnider) .......................... ......................

WASHINGTON UNIVERSITY, School of Engineering and Applied Science,
Materials Research Laboratory, Campus Box 1087, St. Louis, MO 63130
(A ttn: T. H ahn) .........................................................

%i

p,

- ,' , ,.I' -. ,i.;. .;,,., , , . .- ' ,-'- ..- .; ;---:.: - ;, :-- ;'- .:;... i;...-2,? < ; -.- ,.:- ; ;.- '., -,



DISTRIBUTION LIST (Cont'd.)
REPORT NO. NADC-85118-60

AIRTASK NO. WRO 2303001

No. of Copies

DREXEL UNIVERSITY, Philadelphia, PA 19104
(Attn: D r. P. C . C hou) ................................................... 1
(Attn: Dr. A. S. D. W ang) ................................................ 1

E. I. DuPONT COMPANY, Textile Fibers Department, Chestnut Run
Location/CR701), Wilmington, DE 19898
(A ttn: V. L. Bertarelli) .................................................... 1

FAIRCHILD REPUBLIC CO., Farmingdale, L.I., NY 11735
(Attn: M r. Frank Cost) ................................................... 1

GEORGIA INSTITUTE OF TECHNOLOGY, Atlanta, GA 30332
(Attn: Prof. W . H. Horton) ................................................ 1

GENERAL DYNAMICS/CONVAIR, San Diego, CA 92138
(Attn: D . R. D unbar) .................................................... 1

GENERAL DYNAMICS, Fort Worth Division, P.O. Box 748, Fort Worth, TX 76101
(A ttn: J. A . Fant) ........................................................ 1
(Attn: Dr. D. Wilkins, Composite Structures Eng. Dept.) .................... 1

GENERAL ELECTRIC CO., Philadelphia, PA 19101
(A ttn: A . G arber) ........................................................ 1

GREAT LAKES CARBON CORPORATION, New York, NY 10017
(Attn: W. R. Benn, Manager, Market Development) ........................ 1

GRUMMAN AEROSPACE CORPORATION, South Oyster Bay Rd.,
Bethpage, L.I., NY 11714
(Attn: R . H adcock) ...................................................... 1
(A ttn: S . D astin) ........................................................ 1

HERCULES AEROSPACE DIVISION, P.O. Box 210, Cumberland, MD 21502
(Attn: M r. D . H ug) ....................................................... 1

HITCO, 1600 West 135th Street, Gardena, CA 90249
(A ttn: N . M yers) ........................................................ 1

ITT RESEARCH INSTITUTE, Chicago, IL 60616
(Attn: K. Hofar) ................................................... 1

KAMAN AIRCRAFT CORP., Bloomfield, CT 06002
(Attn: Tezhnical Library) ................................................ 1

LEHIGH UNIVERSITY, Bethlehem, PA 18015
(A ttn: D r. G . C . S ih) ..................................................... 1

LOCKHEED-CALIFORNIA CO., Burbank, CA 91520
(A ttn: E. K . W alter) ...................................................... 1
(A ttn: A .Vaughn) ....................................................... 1
(A ttn: A .Jam es) ....................... ................................ 1

LOCKHEED-MISSILES & SPACE CO., 1111 Lockheed Way,
Sunnyvale, CA 94086
(A ttn: J. A . B ailie) ....................................................... 1

LOCKHEED-CALIFORNIA CO., Rye Canyon Research Laboratory,
Burbank, CA 91520
(A ttn: D . E . Pettit) ....................................................... 1

LOCKHEED-GEORGIA CO., Marietta, GA 30063
(Attn: Technical Information Dept., 72-34, Zone 26) ....................... 1



DISTRIBUTION LIST (Cont'd.)

REPORT NO. NADC-85118-60

AIRTASK NO. WRO 2303001

No. of Copies

LTV AEROSPACE & DEFENSE CO., Vought Missile & Advanced Program
Division, P.O. Box 225907, Dallas, TX 75265-0003
(A ttn: R . K night) ........................................................ 1

MARCHINSKI, L., 6 East Avenue, Mt. Carmel, PA 17851 ....................... 1
MATERIALS SCIENCES CORP., Spring House, PA 19477

(Attn: D r. B. W . Rosen) .................................................. 1
McDONNELL DOUGLAS CORP.. St. Louis, MO 63166

(A ttn: J. D oerr) ......................................................... 1
(Attn: K. Stenberg) ..................................................... 1
(A ttn: R . G arrett) ....................................................... 1
(A ttn: R . R iley) ......................................................... 1

McDONNELL DOUGLAS CORP., Long Beach, CA 90846
(A ttn: J. Palm er) ................ ....................................... 1

MINNESOTA MINING & MANUFACTURING CO., St. Paul, MN 55104
(A ttn: W . D avis) ..................... ................................... 1

NORTHROP AIRCRAFT CORP., One Northrop Ave., Hawthorne, CA 90250
(Attn: D r. M . Ratw ani) ...................................................
(A ttn: B . B utler) ........................................................ 1

PURDUE UNIVERSITY, School of Aeronautics & Astronautics,
West Lafayette, IN 47907
(Attn: Dr. C. T. Sun) ...............................................

PROTOTYPE DEVELOPMENT ASSOCIATES, INC., 1560 Brookhollow Drive,
Santa Ana, CA 92705
(Attn: E. L. Stanton) ...................... ............................. 1

ROCKWELL INTERNATIONAL, Columbus, OH 43216
(Attn: M . Schw eiger) .................................................... 1

ROCKWELL INTERNATIONAL, Los Angeles, CA 90009
(Attn: D r. Lackm an) ..................................................... 1

ROCKWELL INTERNATIONAL, Tulsa, OK 74151
(A ttn: F. K aufm an) ............................... ....................... . 1

ROHR CORP., Riverside, CA 92503
(A ttn: D r. F. R iel) ....................................................... 1

SIKORSKY AIRCRAFT, Stratford, CT 06622
(A ttn: J. R ay) ........................................................... 1
(A ttn: S . G arbo) ........................................................ 1

J. P. STEVENS & CO., New York, NY 10036
(A ttn: H . I. S hulock) .................................................... 1

TELEDYNE RYAN AERONAUTICAL CO., San Diego, CA 92138
(A ttn: R . Long) ......................................................... 1

UNIVERSITY OF DAYTON RESEARCH INSTITUTE, 300 College Park Ave.,
Dayton, OH 45469
(Attn: Dr. J. Gallagher) ............ .................................

UNIVERSITY OF DELAWARE, Mechanics & Aerospace Eng. Dept.,
Evans Hall, Newark, DE 19711
(A ttn: D r. R . B . Pipes) ................................................... 1
(A ttn: D r. J. R . Vinson) .................................................. 1



DISTRIBUTION LIST (Cont'd.)
REPORT NO. NADC-85118-60

AIRTASK NO. WRO 2303001

No. of Copies

OFFICE OF NAVAL TECHNOLOGY, 800 N. Quincy St., Arlington, VA 22217
(Attn: Cdr. R. Fuller, M AT 0711) ......................................... 1

PLASTEC, Picatinny Arsenal, Dover, NJ 07801
(Attn: H. Pebly) ................................................... 1
(Attn: Librarian, Code DRDAR-SCM-O, Bldg. 351-N) ..................... 1

U.S. ARMY MATERIALS AND MECHANICS RESEARCH CENTER, DRXMR-PL,
Watertown, MA 02171
(A ttn: D . O plinger) ...................................................... 1

U.S. ARMY APPLIED TECHNOLOGY LABORATORY, USARTL, (AVRADCOM),
Ft. Eustis, VA 23604
(Attn: J. W aller; T. M azza) .............. ................................ 2

U.S. ARMY R&T LABORATORY, (AVRADCOM), Ames Research Center,
Moffet Field, CA 94035
(Attn: F. Immen, DAVDL-AS-MS 207-5) .................................. 1

U.S. NAVAL ACADEMY, Annapolis, MD 21402
(Attn: Dr. R. D. Jamison, Mechanical Engineering Department) ............ 1

DAVID TAYLOR NAVAL SHIP RESEARCH & DEVELOPMENT CENTER,
Annapolis, MD 21402
(Attn: A. Macander; R. Crane, Code 2822) ................................ 2

ANAMET LABORATORIES, 100 Industrial Hwy., San Carlos, CA 94070
(Attn: Dr. R. Arnold) ..................................................... 1

AVCO, Specialty Materials Div., 2 Industrial Ave., Lowell, MA 01851
(Attn: William F. Grant) .............. ............................... 1

BATTELLE COLUMBUS LABORATORIES, Metals and Ceramics
Information Center, 505 King Avenue, Columbus, OH 43201 .............. 1

BELL AEROSPACE COMPANY, Buffalo, NY 14240
(Attn: F. M . Anthony, Zone 1-85) ......................................... 1

BELL HEL!COPTER CO., Ft. Worth, TX 76101
(Attn: G. Reis Alsmiller, Jr.) .......................................... 1

BEECH AIRCRAFT CORP., 4130 Linden Ave., Dayton, OH 45432
(A ttn: M . B . G oetz) ..................................................... 1

BENDIX PRODUCTS, Aerospace Division, South Bend, IN 46619
(A ttn: R . V. C ervelli) ..................................................... 1

BOEING CO., P.O. Box 3707, Seattle, WA 98124
(A ttn: J. M cC arty) ...................................................... 1
(A ttn: D r. R . June) ...................................................... 1

BOEING CO., Vertol Division, P.O. Box 16858, Philadelphia, PA 19143
(A ttn: R . L. Pinckney) ................................................... 1
(A ttn : D . H a rt) .......................................................... 1
(A ttn: C . A lbrecht) ...................................................... 1

BOEING CO., Wichita, KA 67277-7730
(A ttn : J . A ve ry) ......................................................... I
(A ttn: R .W aner) ........................................................ 1

CABOT CORPORATION, Billerica Research Center, Billerica, MA 01821 ...... 1
DEPARTMENT OF TRANSPORTATION, Kendall Square. Cambridge, MA 02142

(Attn: Dr. Ping Tong, DTS 76, TSC) ...................................... 1

i ' ~



DISTRIBUTION LIST
REPORT NO. NADC-85118-60

AIRTASK NO. WRO 2303001

No. of Copies

AFWAL, Wright-Patterson AFB, OH 45433
(Attn: FIBEC, Dr. G. Sendeckyj) ........................................ 1
(Attn: FIB/L. Kelly, W Goesch, C. Ramsey) ............................... 3
(Attn: FIBCA/C. D. Wallace) .......................................... 1
(Attn: FIBE/Mr. D. Smith) ............................................ 1
(Attn: MLBM/Dr. J. Whitney, M. Knight).................................. 2
(Attn: MLB/F. Cherry)................................................ 1
(Attn: MBC/Reinhart)................................................ 1
(Attn: AFWAL/MLSE/S. Fecheck) ....................................... 1

DEPARTMENT OF THE AIR FORCE, Bldg. 410, Bolling Air Force Base,
Washington, DC 20332
(Attn: Dr. M. Salkind) ................................................ 1

DEFENSE TECHNICAL INFORMATION CENTER (DTIC), Bldg. #5,
Cameron Station, Alexandria, VA 22314
(Attn: Administrator)................................................. 2

FAA, Washington, DC 20591
(Attn: J. R. Soderquist) .............................................. 1

FAA, Technical Center, Atlantic City, NJ 08405
(Attn: L. Neri, Code ACT-330; M. Caiafa, Code ACT-330)................... 2

NASA, Washington, DC 20546 ............................................ 1
NASA, George C. Marshall Space Flight Center, Huntsville, AL 35812

(Attn: E. E. Engler, S&E-ASTN-ES) ..................................... 1
(Attn: R. Schwinghammer, S&E-ASTN-M)................................ 1

NASA, Langley Research Center, Hampton, VA 23365
(Attn: Dr. J. R. Davidson, MS 188E; Dr. J. Starnes, MS 190;

Dr. M. Mikulus, H. Bohan, and Dr. C. P. Blakenship, MS 188M) .... 5
NASA, Lewis Research Center, Cleveland, OH 44135

(Attn: Dr. C. Chamis, MS 49-6: M. Hershberg, MS 49-6)..................... 2
NAVAIRSYSCOM, Washington, DC 20361

(Attn: AIR-723) ..................................................... 1
NAVAL POSTGRADUATE SCHOOL, Monterey, CA 95940

(Attn: Prof. R. Ball, Prof. M. H. Bank) .................................... 2
NAVSEASYSCOM, Crystal Mall 4, Rm. 109, Washington, DC 20360

(Attn: C. Zannis) .................................................... 1
NAVSEC, Arlington, VA 20360

*(Attn: NSEC-6101E)................................................. 1
4 NAVAL SHIP RESEARCH & DEVELOPMENT CENTER, Annapolis, MD 21402

(Attn: H. Edelstein, Code 2870) ....................................... 1
NAVAL RESEARCH LAB, Room 866, Crystal Plaza #5, Washington, DC 20360

(Attn: Dr. 1. Wolock: Dr. C. 1. Chang) .................................... 2
NAVAL SHIP WEAPONS CENTER. White Oak Laboratory,

Silver Spring, MD 20910
(Attn: Dr. J. Goff, Materials Evaluation Branch, Code R-34).................. 1
(Attn: F. R. Barnet)............. ..................................... 1

OFFICE OF NAVAL RESEARCH, 800 N. Ouincy St., Arlington, VA 22217
(Attn: A. Kushner: Y. Rajapakse)....................................... 2




